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ABSTRACT
A computerised tomographic scanner is used to obtain isectional 
images of biological structures. The success of any research program in 
CT scanning depends on an understanding of the derivation of CT numbers 
and what physical changes cause them to vary.
An analysis of attenuation data gave an empirical function which was 
used to calculate photon attenuation cross sections. The CT numbers for 
biological materials were calculated and compared with measurements made 
by RaO, Gregg and Phelps. Spectral changes along ray paths through biolo­
gical materials were studied, spectrum mean energies and total photon 
fluence were calculated for several phantom sizes and for the human body 
end head. The monochromatic equivalent energy was shown by theory and 
experiment to be similar to the scan averaged spectrum mean energy.
Error sources were considered and the ability of the software 
to minimise spectral errors was studied using a constant size phantom 
in different fields. CT numbers increased with increasing field size and 
it v/as shown that dual wedge-energy measurements allowed correction for 
spectral change. Experiments with corpses proved that such a correction 
technique could be applied and that the reproducibility of CT numbers was 
- 0 .25 EU for liver tissue and trabecular bone.
In vivo and in vitro measurements of the attenuation coefficient for 
trabecular bone were made using the M I  and ISOTOM CT scanners. Spectral 
hardening v/as shown not to be significant. The stability of the air scale 
factor was tested using patients and shown to be better than - 1 %* 
Air-water scale factors were measured and tested using glucose solutions.
Measurements with haemochromatosis (iron) and fatty liver patients 
showed good correlation between measured liver CT numbers and liver biopsy 
estimates. Trabecular bone measurements in the distal radius, using the 
ISOTOM scanner, correlated well with EMI CT scanner vertebral bone CT 
numbers.
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NOMENCLATURE
E = Averaged spectrum effective energy for the water calibration
phantom , keV. Also the monochromatic equivalent energy (energy
-fluence)
E # s Averaged spectrum effective energy for water calibration phantom
at scale normalisation, S(E ) = S , keV .w s
E ' = Averaged spectrum effective energy for the scanned object f keV 
E^ = The monochromatic equivalent energy (photon fluence)
= The mean photon spectrum energy at exit from ray path 
Eq = The mean photon spectrum energy at source
hi
(E ) = Effective lin. attenuation coefficient for water at effective
S energy, E_ , cm-1
O
u (E..) ss Effective lin. attenuation coefficient for water at effectivej w w _ *energy, E^-cm 1
11 (E ) = Effective lin.' attenuation coefficient for material at effective/ m s  „energy Eg , cm ‘
u (E) = Effective lin. attenuation coefficient for material at effective
' m -n -1energy i E , cm '
S(E ) ss The AirAte-ter Scale Factor = S units, when E = Ew
T (E) = The Basic CT No= ((u (E)/u (E )) -1) . So / m •/ m w
T»(E) = The Observed CT No= :((u (E)/u (E )) -1).S (E )o / m / w s s
T*(E ) = The Modified CT No= ((pm(E V / ^ E  ))-l).S (E.)
T(E ) = The true CT No, CT(s)No = ((^(E )) -1) . S
T£ (E) = Is the value of T^(E) when a v/ater phantom is scanned at a non
calibration kilovoltage
<j>o = Monochromatic source photon fluence rate (photons/cm^/s)
<j> = Monochromatic detected photon fluence rate >
0Q(E) = Polychromatic source photon fluence rate energy function
0(E) = Polychromatic detected photon fluence rate energy function
= Source energy fluence rate (mean spectrum energy x photon fluence rate)
Iw = Detected energy fluence rate for water path
Im = Detected energy fluence rate for material path
Nomenclature (Cont.)
# 3 * » On - Effective water density,(g/cm)(normal calibration temp. 20
r w
n = Effective material density, (g/cnv)rm
= The atom density , (atoms/cm^) 
yc>e = The electron density » (electrons/cm^)
= Photorelectric component of the attenuation coefficient
C = Concentration of material or element in mixture , ( g/cm^)
a = Mass fraction of material or element in mixture
■ 6 . . = Photon total attenuation cross section , (barns/atom)tot
6 , s Photon coherent scatter cross sectioncoh
6. , = Photon incoherent scatter cross sectionm e  oh
6 = Photoelectric cross-sectionpe-
6 = Photon attenuation cross section of material (barns/atom)
m
A = Molecular weight of material , (g /mole)
m
N = Avogadro*s Number (atoms/mole)
Z* = Effective Atomic Number C
I ^ U 11 ^
Note 1. The term dual energy ’differential1 is used in this thesis to
describe the change in the attenuation numbers measured for a
given change in the operating kilovoltage. i.e. T
OJCVp
The differential can be the air scale corrected value or the 
dual wedge, interpolated, uncorrected value.
Note 2. The initials KVp mean Kilovoltage (peak) and not kVp.
CHAPTER 1
INTRODUCTION
A research programme originated in the Medical and Enviromental 
Physics Group of the University of Surrey, was designed to analyse and 
clarify the meaning of attenuation numbers obtained with the computer 
assisted tomographic medical scanners known as CT numbers.
The machines made available for the research were at the King Edward VII 
Hospital, Midhurst, Sussex and eventually at the Clinical Research Center 
and Northwick Park Hospital, Harrow, Middlesex where the medical worK was 
undertaken.
A survey of the physics and medical literature was carried out and it 
revealed that relatively little analysis had been carried out.on attenuation 
(CT) numbers measured in tissue at different energies using body scanners 
such as the EMI CT 5005 machines. Several authors, Rutherford (1976), 
McCullough (1974, 751 76) had analysed CT numbers on head scanners, but the 
EMI body scanners use aluminium wedge pairs and not water baths or carbon 
wedge pairs as on the head scanners. Consequently the spectral variation 
between types of scanners has to be considered carefully in CT number anal­
ysis. Such a variation will occur on other makes of scanner as well, as it 
is a function of patient size, shape and anatomy as well as system design.
Therefore it was decided, initially, to study the available atomic data 
tables Hubbell (1969,77) and Veigele (1974) and to use best estimate values 
of photon absorption to calculate CT numbers for different solutions and 
tissues based on the Chemistry and Physics Handbook data (1976) and ICRP 
Reference Man Publication 23 (1975) elemental mass fractions lists.
The calculated, theoretical tissue CT numbers at several monochromatic 
energies were compared with measured values derived from work by Phelps 
(1975) and RaO and Gregg (1975).
Measurements v/ere then made with salt and sugar solutions and hydro­
carbon liquids to determine the equivalent monochromatic energy for the 
scanner at different kilovoltage settings and field sizes. Such measurements 
had already been made on the head scanners by other authors, McCullough (1975) 
Rutherford (1976), but the early EMI head scanners gave different equivalent 
monochromatic energies, obtained by different research groups. This was due 
probably to one group accounting for spectral variation and another not.
If scaling is accounted for then the equivalent energies are linear and 
logarithmically related to the operating krT-voltage.
It became obvious that a theoretical study v/as necessary of the 
exit spectral change for different ray paths lengths and different 
mixtures of elements. The study was based on established spectra derived 
and measured by Birch, (1978) at Harwell.
The spectral analysis was made for three EMI calibration phantoms and 
corresponding wedge pairs. The equivalent monochromatic energies were 
calculated for three kilovoltages and for each phantom along the phantom 
centre line and off centre. Also ray paths consisting of liver tissue, 
fat and bone were studied. The presence of air in each water phantom was 
analysed too. There are strictly three monochromatic energies of interest,
the photon spectrum mean energy, the photon fluence effective energy and
the energy fluence effective energy for any ray path. It is the latter 
which is important for each ray path as the detector output is proportional 
to the energy fluence rate at the exit from any ray path. The energy fluence 
rate is the product of the photon fluence rate and the spectrum mean energy.
Measurements of particular interest were those made with dextrose 
solutions. The CT numbers at several equivalent monochromatic energies, 
previously determined, of dextrose solutions at several effective densities 
were calculated from theory. The solutions were then measured on the 
CT 5005 scanner at several kilovoltages and the CT numbers compared with 
theory. The comparison was necessary to test the stability of the machine and 
the accuracy of theory.
Also it v/as clear that a parametric survey for the whole system was 
necessary which indicated the magnitude of CT number error expected 
with any variation of machine and tissue dependent parameters.
In order to establish the machine stability v/ith tissue in the 
proper anatomical state post mortem scans were made on four senarate 
occasions. Multiple scans at the same axial position were made at two 
constant kilovotages and two field sizes in each case. On the first 
occasion the smaller and intermediate wedge pairs were used and only 
fast scans were made. The second occasion the scans were made using
only slow speed and the intermediate and larger wedge pairs. The third and 
fourth occasions, several vertebra were scanned at different axial positions 
prior to extraction, using narrow beam collimation. These in vivo scans were 
made to compare the CT500-5 estimates of trabecular bone attenuation and 
the ISOTOK measurements for the same bone samples.
V Further scanner measurements were made-with living tissue using 
dual kilovoltage (140, 110 KVp) scans and two wedfee pairs. Liver tissue 
was examined with patients suffering from Haemachromatosis. The iron level 
in the liver in each case was measured by biopsy. A second liver study'was
made for excessive fat levels in the liver and scans were made either a day 
before or after liver biopsy. A third study involved osteoporotic patients 
whose trabecular bone in the forearm had been previously analysed using a 
monochromatic source (1125) the "mini11 ISOTOM CT scanner operated by 
the radioisotopes division of CRC. The EMI CT 5005 v/as used to study the 
trabecular bone material density and calcium mass fraction in selected 
vertebra in the same patients. Comparison of ’’mini” and flraaxin CT attenuation 
numbers for trabecular bone was made after extrapolating the "maxi" CT 
numbers to an equivalent monochromatic energy of 28 keV for the “mini” 
scanner.
All these studies were made to allow an evaluation of the use of the 
EMI CT 5005 scanners for tissue analysis. In the case of tissue disease 
where biopsy could lead to a fatality or is impossible or in the case of 
bone disease where biopsy cannot be made either due to cancer infiltration 
or weak bone structure, or in the case of Paget*s disease v/here biopsy 
could be impossible the use of the scanners for tissue analysis at any 
point in the body would be invaluable»
Therefore a major aim of the work described in this thesis is a 
feasibility study of the application of CT scanners to tissue structure and 
composition analysis. Chapter 2 describes the derivation of tissue photon 
attenuation data and the photon cross-section empirical function. The 
comparison of theoretically derived CT numbers with the work of other 
groups who have made monoenergetic measurements on different tissues is 
given. Chapter 3 describes the spectral analysis made for the water cali­
bration phantoms at 100 KV, 120 KV and 1^0 KV, for mixed liver tissue, fat 
and bone ray paths. Also the change in the energy fluence was studied for 
variations in ray path length in tissue and changes in tissue structure.
The theoretical basis for the equivalent monochromatic energy is given. 
Chapter 4 describes the calibration measurements made using salt and 
sugar so3.utions and the EMI phantoms containing bone equivalent material, 
polythene, perspex and air sample volumes. The theoretical basis of mixtures 
is given and the use of the parameter "effective atomic number" is discussed 
(Appendix 2)• Chapter 5 describes the measurements made with post mortem 
scans and the measurements on vertebral bone using the ISOTOM CT scanner 
and the EKE CT 5005 body scanner. Also the analysis of calcium mass fraction 
in the bone samples is given. Chapter 6 describes the measurements made with
living tissue. Patients suffering from Haemachrornatosis and excessive 
liver fat were measured and biopsy results compared with scan derived 
values for liver tissue. The attenuation coefficients for diseased trabe­
cular bone at 28 keV, obtained using the ISOTOM scanner were compared with 
values measured using an EMI CT 5005 scanner. Chapter 7 is a summary of 
the experimental results and conclusions obtained in the whole v/ork, 
including suggestions for further experimental investigations.
Finally it is hoped that data from the theory and experiments 
described in this thesis and further proposed work, will have applications 
in atomic physics, medical physics, health physics and in medical diagnosis.
CHAPTER 2
DERIVATION OF BEST ESTIMATE PHOTON ABSORPTION DATA, THE DETERMINATION OF 
THEORETICAL CT NUMBERS, MONOCHROMATIC AND POLYCHROMATIC ANALYSES AND SPECTRAL 
PARAMETERS.
2.1 Introduction
The photon absorption data given in the literature is 
based on both theoretical and experimental analyses. In this chapter the 
early work of Hubbell(1969) was compared to the work of VeigeleC197^0 and 
Hubbell’s later results(1977)• Such a comparison was necessary because the 
data differed significantly, with energy and atomic number, between Hubbellfs 
and Veigele*s tables. Nevertheless the methods used to derive the data tables 
was diverse and a detailed study of the differences was necessary in order to 
obtain best estimate data for use in the determination of theoretical CT numbers 
for different materials, body tissues and fluids and skeletal compounds.
The uncertainty given by Hubbell and Veigele for 
their data is of the same order and was taken to be ± 2?6. The effect of such 
a level of uncertainty on the accuracy of the theoretical CT numbers 
required evaluation, ( ref. Appendix k ).
" ’ - _. t
The source data for the concentrations of elements in solutions, 
solids and body tissue, fluids and skeletal compounds were the ICRP 
Reference Man (1975) publication and the Chemistry and Physics Handbook 
(1976). Uncertainty in the ICRP data has to be considered when calculating 
CT numbers and a correction has to be applied to ensure that the summed 
mass fraction always equals unity.
The calculation of CT numbers for single monochromatic energies is 
relevant when an equivalent monochromatic energy is known for the operating 
spectrum of an X-ray source and a given detector. Nevertheless when the 
transmitted spectrum changes such that the photon spectrum mean energy differs 
significantly for different materials then the energy equivalence is changed.
The exit total energy fluence rate from any ray path is the product of the 
total photon fluence rate and the photon spectrum mean energy. The detectors 
used on the CT 5005 give an output which is proportional to the incident 
total energy fluence rate and the variation in the detector efficiency with 
spectral change, but the latter does not produce a significant error when 
the scanner is operated at calibrated kilovoltages as the spectral change 
about the calibrated spectrum is not significant.
Ray paths of different lengths will give exit spectra which contain different
proportions of low energy photons . High atomic number materials present in
a ray path will change the proportions and exit spectral shape by an amount
which depends on the type and concentration of such materials in the ray path.
Ray path exit spectra can have constant total photon fluence rate but different 
spectrum mean energies due to variation, in the ray path length and constituents
This will give varying detector outputs for each ray path. Therefore the 
monochromatic equivalent energy could vary for each path but the software 
used with the CT5005 scanner incorporates corrections which minimise the effect 
of such spectral changes.
It is necessary to understand the magnitude of spectral 
changes that can occur in normal operation when scanning patients and the 
effect of different tissue path lengths and ray path constituents on the 
monochromatic equivalent energy and the derived CT numbers. Also an 
understanding of the spectral variation that exists for the three calibration ; 
phantoms containing water or other materials in sample tubes placed centrally 
or off-centre is absolutely necessary. In addition the software operations 
on the detector outputs to correct for spectral hardening changes the material 
CT number. Consequently theoretical and experimental studies must give an 
understanding of the degree of correction for the range of patient shapes, 
sizes and different anatomies that are scanned in normal operation.
A preliminary study of photon attenuation data, 
theoretical CT numbers and spectral variation is described in this chapter.
2.2 Photon attenuation coefficients, source data and methods of 
computation
The work of many groups has been reviewed and a discussion on the 
work is presented in this sub-chapter.
The work of Hubbell, Veigele and others, resulting in publications 
from 1969 to 1977 were reviewed. It is not the intention to give the detail 
of the review but simply to summarise and discuss the work and to draw 
conclusions.
In the Hubbell paper (19&9) the uncertainty was listed for low, 
medium and high atomic number elements. For low Z elements (1,10) the uncer­
tainty for the energy range 30 keV to 100 MeV was 5 to 10 % due to a poor 
knowledge of the photoeffect for low Z materials and departures of the 
Compton cross section from Klein and Nishina. (1929) theory. The theory for 
the total cross section had only been calculated previously using the 
Thomas-Fermi model of the atom. Wheeler and Lamb (1939) had done extra 
theoretical work for the hydrogen atom and Knasel(l968) did similar work 
for helium. Nevertheless uncertainties for total cross-section were thought 
to be as high as 5 to 10
For the medium Z materials (11, b2) the uncertainty was given as 
1' to 2 % in the range 10 keV to 1 MeV because of uncertain partitioning 
of experimental totals into photoeffect and scattering totals.
The uncertainty for the high Z materials (^ 3i 92) was stated to be 
1 to 2 % in the range 10 keV to 1 KeV far from an absorption edge to 3**10 % 
in the vincinity of an absorption edge. Inaccuracies in close to an
absorption edge could be interpreted as mixture rule error.
The Rakavy-Ron (1965) calculations were in considerably better agreement 
with experiments in the energy range 10 keV to 0.2 MeV than previous work 
but the accuracy of experimental data depended on high precision total 
attenuation coefficient measurements such as those of Hahn and others 
over the years 193^ to 19^7-
The value of the photoelectric cross section was then obtained using 
the equation
<SL = 6. . -  ( 6 bd + <SJ o ? 1pe tot R d.d.i
and the bracket sum was obtained from Storm and Israel lists (1967)*
%
Compton scatter theory assumes basically that the electron is initially 
free and at rest and is that of Klein and Nishina (1929)* Departures from
this theory occur at lov; energies because of electron binding effects.
The KN, .6 , equation is not suitable for evaluation of 6 at low
energies because of near cancellation between the logarithmic and purely
algebraic terms. Errors of 1 to 2 % occur for the energy range 10 to
15 keV.
Electron binding effectswere treated by combining them with Rayleigh
scattering. The justification for this was that for low Z elements the
K shell binding energies are lov/ in comparison v/ith the photon energies
and for high Z elements, with substantial K shell binding energies, these
electrons are a small fraction of the total.
Motz and Missoni (19^1) and others studied scattering of 662 keV
photons by K shell electrons. It was concluded that for small angles the
effect of binding is to decrease the cross section and for large angles
an increase occurs. The decrease and increase tend to compensate each
Ci)
other and this may extend d o w n  t o 122 keV.
The Klein and Nishina theory which assumes that the electron is free
k
and at rest was generalised by Jauch and Rq(rlich (1955) to the case v/here 
the electron is free but in motion. The binding corrections were treated 
in the impulse approximation theory taking into account all the atomic 
electrons. This involves a multiplicative correction, the "incoherent 
scattering function", S(q,Z), to the. differential KN equation
ck[e] _ cr „ l
i r \  -  — ■
S(q,Z) represents the probability that an atom be raised to any exited 
or ionised state as a result of a sudden impulsive action which imparts a 
recoil momentum, q, to an atomic electron.
Rayleigh scatter is a process by v/hich photons are scattered by bound 
atomic electrons and in v/hich the atom is neither ionized nor excited. The 
scattering from different parts, of the atomic charge distribution is then 
"coherent", that is, there are interference effects. The coherent scattering 
process occurs mostly at low energies and for high Z materials, in the 
• same region where electron binding effects influence the compton scattering 
cross section. If each atomic electron contributes independently to the 
cross-section, the onset of Rayleigh scattering for low momentum transfer 
would exactly compensate for the reduction in Compton scattering due to 
binding. However, the various atomic electrons contribute coherently to 
(| ) I
Eayleigh scattering, greatly increasing the probability of the process.
Such scattering can be considered to extend only over the Z electrons of
individual atoms. The coherence can extend to electrons of different '
atoms to give interference effects«*£=>c <=>£ .
In practice it is necessary to consider the charge distribution of
an  Z electrons at once. This is done approximately through the use of
an "atomic form factor", F(q,Z), based on the Thomas-Fermi, Hartree
for other atomic model.
p
The term (F(q,Z)) is the probability that the Z electrons of an 
atom take up a recoil momentum, q, without absorbing any energy. Combining 
this function with the low energy form of the KN differential formula 
gives the differential Rayleigh scattering cross section for unpolarised 
photons.
=  -f[. 2.2.3
Calculations of S(q,Z) and F(q,Z) depend on a knowledge of the atomic 
wave functions. The analysis can be done for Hydrogen and other atoms, in
c o
various approximations based on the Thomas-Fermi, Hartree or other models.
BDEvalutions of ^ have used, up to the year 1966, S(q,Z) based on c
the Thomas-Fermi model. Cromer and Mann (1967) gave the Hartree-Fock, S(q,Z)
data for the 30 spherically symmetric atoms. Hanson (196 )^ and Cromer and
Weber (19&5) gave F(q,Z) tables.:for the same 39 atoms.
Storm and Israel (196?) used S(q,Z) values of Cromer and Mann and
BDF(q,Z) from Hanson to obtain 6 and 6 for Z(1. 100) and energiesO K
greater than 1 keV. It should be noted that for the energy range 10 to
100 keV there are differences of as much as - 10 % between the Storm and
Israel (Hartree model) and the Grodstein-White (1957) and Davisson (19&5)
(Thomas-Fermi model) for the sum {6 ^  + 6s)»c ^
Veigele (197*0 used form factors and incoherent scattering functions
obtained from Cromer (1967)- The Veigele atomic data tables were derived
from experimental and theoretical work. About 9000 experimental ^ot
and 6 cross sections from 153 sources were collected. Of these 8000 pe
were accepted and the scattering cross sections were calculated using
form factors and incoherent scattering functions. The scattering cross
sections were subtracted from 6^  , to obtain 6 . The 6 valuestot pe pe
and those measured by experiment were weighted and fitted by a least
T^C-c.V’cr iVt*
CrvSS-Sct^c-h. \ 00 keV v ekes ok*'*'6- t o  WVl Jp**
(2) Vi towlfc ,'^U 1
Vvot" kcjVJr t •
squares program to obtain a best estimate fit.
Unfortunately the weighting of each experimental point was diverse. 
That is both Objective and Subjective. The former weighting was derived 
from the following:
‘j>e. +
6D
^  + ^
and if there is no error in 6 then the error in 6 iss pe
A f^>e ‘ A
£|>c
Max ^  J 2.2.4-
The value of
tot
€v
b
was taken as the objective weight. 
The measured values of
for which 6 «  6. , pe tot
<> did not require such weighting. At energies
the errors in could produce larger than
100 % errors in 6 • In such cases the error was reduced to the 90 % level.pe _
Also if errors were less than 1 % the error was made equal to 1 %.
The application of a subjective weight factor (1-10) is a weak physics 
operator. Nevertheless it was used and the total weight used on each 6.
o b t a i n e d  f r o m *tot was
pe
and for each m e a s u r e d pe,
W  =
A S tot
About 1 % of the 6 .. data was less than the calculated value (almost alltot
in the energy range >  50 keV) of the € , consequently these values were
s
rejected.
Initially the 6 (i.E. 6J    , - 6 ), and 6 (measured) datape tot s pe
were fitted for each element for which there was enough data,..using the least
squares procedure and the equation
2 ' ' 3
log 6 = a + a^logE ■+ a0(logE) + a_(logE) 2 pc-
pe o I d.
for the energies above the K absorption edge* ' ? • ' •• 1- -
The 6 values calculated using the equation were plotted against 
atomic number, Z. The points we re given equal weighting and fitted by the
equation
loS 6pe= bD + b1losZ + b2(1°SZ)2 2.2.6
if there were more than four points and
log 6pe = bo + b1logZ . 2.2.7
if there were four points or less.
A special procedure of repeated application of weighting factors and
recalculation resulted in final best estimate, values of 6 , The 6pe s
values were than added to the 6 values and 6, , obtained. The un-pe tot +  ^ +
certainty was deduced and stated to be for E >E^, at - 2 % to - 5 %•
The latest work of Hubbell (1977) and the data for H,C,N.O and Ar with
a claimed numerical accuracy to the fourth decimal place is now discussed.
Here the value of 6 is obtained by integrating the expressionc
„ r d6KN(e )
6. = ( 1 + ) J --- . S(q,Z)de 2.2.8
c
Mwhere A  is the combined double Compton and radiative correction given
by Kork (1971)*
The values of 6 for the energy range 1.0 keV to 1.5 MeV wereP©
taken from the theoretical data of Scofield (1973)* The uncertainties in 
the attenuation coefficients listed vary widely over the range of energies 
0.1 keV to 20 KeV.
Rayleigh scatter contributes a maximum of 10 % to £j-0t ^ess
than 1 % to the total percent uncertainty at low energies and Compton scatter 
is considered to contribute less than 1 % to 2 % to the total uncertainty.
The largest uncertainties are due to the photo effect and the case for 
Hydrogen needs to be considered. The single electron of Hydrogen plays a
dual role of molecular binding and the K-shell core but although 6
p e
for Hydrogen may have a considerable error the high power Z-dependence
of the photo effect does not cause a significant uncertainty in 6  for
p e
hydrogen containing compounds. Above 10 keV any sensitivity to the Hydrogen 
photo effect becomes negligible in comparison with the scattering cross 
sections. Therefore mixtures of such compounds probably obey simple mixture 
rules above 10 keV.
Uncertainties for are claimed to be - 5 % for the energy range
0.5 keV to 5-0 keV and - 2 % from 5 keV to 10 MeV except for hydrogen for 
which the uncertainty is + 50 % to - 10 % in the energy range 0.1 keV to 
5 keV.
It can be seen that there may be less uncertainty in the data values 
for H?C,0 and Ar in these latest Hubbell (1977) four figure tables than in 
the earlier Veigele three figure tables (197^0 but in both tables, for the 
biologically important elements considered, the uncertainty in is-'
still - 2 % for the energy range 10 keV to 1^0 keV.
As the incident spectrum operating with the CT 5005 scanner has few 
photon energies below 50 keV the uncertainty in the value of close
to an absorption edge only applies to elements with Z greater than 50. The 
proportion of such elements in a biological mixture is usually small.
2.3 Empirical functions and their use in polychromatic (spectral) 
and monochromatic calculations
Several authors have used empirical functions to determine photon 
attenuation cross sections though the suitability of such functions for 
the full spectral range of a CT scanner is limited usually to the low 
atomic number elements.
The accuracy of the McCullough (1975) and Rutherford (197°) equations 
are given in Table 2.3*1 for comparison with the empirical function used 
for the research described in this thesis (Ref. Appendix 2).
In order to calculate the change in photon fluence or the change in 
energy fluence along a ray path consisting of a mixture of tissues, and 
therefore elements, for a range of source spectra an empirical function 
is used to predict the material attenuation coefficient of all types of 
tissue, body fluids, bone and water to an acceptable accuracy. In terms 
of the CT number, which is a relative quantity, the accuracy of the att­
enuation cross sections for hydrogen, carbon and oxygen are important and 
as these are the elements which predominate in tissue and other body 
materials and fluids the inaccuracy in the calculated CT number can be 
made small. Nevertheless if bone is present in a ray path or if there are 
variable path lengths of aluminium and significant mass fractions of other 
elements in tissue then an empirical function must allow attenuation cross- 
sections to be calculated for multielement mixtures in any ray path for 
an energy range 20 keV to 1*f0 keV.
Therefore a single empirical function was derived such that a best 
fit was obtained to the Hubbell (1969, 77) and Veigele (197^0 atomic data 
tables for photon attenuation cross sections for the above energy range for 
all atomic numbers from hydrogen to iodine.
The accuracy of fit to the data tables for the energy range 60-80 keV
for the low Z elements (1, 6-12) is better than - 0.5 % and for atomic
numbers above this (13, **5) almost all cross sections are fitted to - 1 % 
accuracy but some (26 , 28 , 29 , 30, 4-3, **5) are fitted to - 2 %. Neverthe­
less all elements up to an atomic number of fit to - 0.5 % the Veigele 
(197*0 data at an energy of 70 keV.
A comprehensive list of prediction errors for Z values of 1, 6 , 8 , 18,
20 and 53 for the energy range 20 - 100 keV is given in Table 2.3.1. The 
150 keV prediction is omitted as errors are greater than - 8 %,
In addition, the representativeness of the empirical function was
checked against tabulated values of the linear attenuation coefficient for 
water at 20 °C. The results are given in Table 2.3.2. It can be shown that 
the function predicts to better than - 3 % the linear attenuation coefficient
water for the range 10 keV to 120 keV for Veigele (197*0 data and for the range 
35-120 keV>for Hubbell(l977) data*
Nevertheless the transmitted spectrum through the aluminium correcting 
wedges has little flux content below JO keV (< 0.3% for 18mm A1 at 1*K) KVp, 
and < 0.1?£ for 2mm A1 + 20cm water at 100 KVp), therefore for 100, 120 and 1^ *0 
KVp spectra the attenuation and spectral change in water paths can be calculated 
to an acceptable accuracy using the empirical function to determine the atomic 
cross-sections for all elements at all energies in the spectrum.
Also the attenuation and spectral change through the EMI wedges at any position 
can be calculated and the exit flux intensity and mean spectrum energy,incident 
on the detectors can be compared for any wedge position and for any ray path 
through a calibration phantom at a particular operating kilovoltage.
In addition the change in exit flux intensity can be determined when 
tissue and bone replace water in the scan and when the tissue and bone 
pay path lengths vary in the scan field and are less than the water ray 
paths in the calibration phantom. .
The empirical function can be used to,calculate the attenuation 
coefficients and CT numbers of any material up to and including Iodine 
compounds in tissues, fluids and in cortical and trabecular bone.
The variation in the CT number with changes in the mass fractions
of constituent elements can be studied as well as the effect of material
physical density change. Therefore theoretical changes in fat level or 
iron mass fraction in liver tissue or bone mineral calcium mass fraction
and physical density of cortical and trabecular bone can be analysed at any
energy for monochromatic and polychromatic beams.
An adequate number of elements have to be considered for a particular 
tissue to allow the effect of a variation of any elemental mass fraction to 
be determined. A program was written to calculate the CT number for a large 
number of body materials for which up to twenty-two elements were identified 
with the corresponding mass fractions. This data was then used in the 
calcu3.ation of the CT number. The empirical function was used as a subroutine 
for the calculation of the photon cross-sections at the selected energies 
for all the elements present in the tissue. The subroutine was called up to 
twentytwo times for each of the 100 energies used to cover the spectral 
energy range. A spectral calculation takes *f minutes on the EMI/DG ECLIPSE 
computer for each material and JO minutes for a ray path consisting of 
five different sections. Five sections or five different materials were 
chosen as this was a sufficient number to represent head and body scans 
within the aluminium v/edges. More sections could be included if required , 
there is no upper limit to the number but the computing time becomes long.
( ref. Section 3, Table 3.3.2/3.6.*f). _____
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"  When minimisation codes are used to determine the effective atomic
number or the mass fraction of any element in a mixture the empirical function 
is called as a subroutine to these codes, (Chapter 6). _____  ______
2 .If The magnitude of atomic data uncertainty and the effect on the 
accuracy of theoretical CT numbers*
An uncertainty of ^ 2% for attenuation coefficients was claimed in Section 2.2 
for the Hubbell (1977) and. Veigele (197*0 data for those elements which are 
biologically important. It was claimed that above 10 keV any sensitivity to 
the hydrogen photo-effect becomes negligible in comparison with scattering 
cross-sections and that coherent scatter is not affected by molecular binding 
forces above 10 keV. Consequently there should be no significant uncertainty 
attached to the use of the. simple mixture rule governing mixtures of 
elements for energies above 20 keV, which allows a large margin for error.
The early work of Motz and Missoni(1961) on electron binding 
effects indicated that compensation occurs down to an energy of 122 KeV.
Belov; this value, if compensation is not total, the uncertainty in the electron 
binding effect should be significant. The ± 2% uncertainty in the value of 
derived total attenuation cross-sections is due to the uncertainty in the 
binding corrections applied to coherent and incoherent scattering data and 
the photoeffect uncertainty over the range 10 keV to 1^0 keV.
For a mixture of biological materials the uncertainty in the 
calculation of individual elemental attenuation cross-sections could be 
significant. In addition the elemental mass fraction data for different tissues, 
body fluids and skeletal compounds could vary between individuals and 
cannot be used to calculate a theoretical CT number that is unique. The 
calculation of the theoretical CT number for a given material for polychromatic 
photon sources and for monochromatic sources will be subject to this due to 
the levels of fat, water and high atomic number elements in the material , 
on the atomic data uncertainty, on the spectral width and on the uncertainty 
in the effective physical density of the material considered.
The CT number is a relative parameter as it is the comparison 
of the attenuation of a polychromatic source of photons through a material 
with the attenuation of the same source through an effective water ray path 
of constant length. In practical cases the CT number- for a mixture consisting 
of mainly water should give insignificant theoretical error as the attenuation 
coefficient for water and for the material water is calculated from the same 
data(ref. Appendix 4). As the water content in the material reduces the 
theoretical uncertainty increases. For most body tissue, fluids and skeletal 
compounds the uncertainty in the theoretical CT-number is about 4 2& for an 
effective energy range of 60-80 keV.
2.5 Elemental composition, uncertainty in the data and best estimate data*
2,5.1. Introduction.
A reviev; of the literature was made which is 
concerned with elemental composition in biological materials. The ICRP (1975) 
Reference Man publication gives comprehensive data lists and sufficient 
information to obtain best estimate data on elemental composition for the 
tissues and other biological materials studied in this thesis. Although there k 
are many data discrepancies in the quantitative lists the best estimate mass 
fraction data was obtained after correcting the data by simple normalisation 
of all .'elemental mass fraction values such that the mass .fraction sum 
always equalled unity. The ICRP publication and the use of ICRP data for the 
calculation of theoretical CT numbers are considered in the following 
sections.
2.5«2 The Report of the Task Group on Reference Man, ICRP. Publication 25
(1975).
The sections of the above report of significance,for this thesis,are 
those concerned with gross and elemental content of Reference Man compounds 
(Chapter 2) and the sections concerned with skeleton, bone and marrow (Chapter 
1/III A,B).
It is claimed that *as far as possible* only normal(non diseased) 
human tissue was used to calculate elemental content and the values for the comm 
trace elements are based on the tissues and organs of 150 adult victims of
.7 - -
accidental death. For the content of the other elements no consistent body 
exists at this time and values were obtained from a number of sources which 
are referenced in the report.
The common trace elements are listed in detail(Table IO8) and the 
same list gives the concentrations of carbon, hydrogen, oxygen and nitrogen. 
These elemental concentrations were deduced from the gross content of water, fat 
protein and carbohydrate for all tissues, organs and components using the 
values listed(Table 106).
The text of the report gives detailed values for the specific gravity 
of different tissues, fluids and skeletal compounds and values are listed,
(Table 106). The absence of a value for the specific gravity of liver tissue
is unfortunate, this is due to the significant variation in fatty infiltration 
and connective tissue in normal liver, ( fat, 1-16 % ) •
Also. the summed component masses for all tissues listed do not 
give the tissue or organ mass stated in the list. Consequently the mass fractions 
will be in error and corrections are applied to make the summed mass
fractions unity for all materials. Summation errors exist too in Table 106,
(e.g. Skeleton +2.5%, Trabecular bone -2.0%, Red marrow +5«9%, also the Spleen 
is listed as l80gm giving an error of +22.h% without blood).
The ICRP report has been assessed critically by White (1977) who 
initially considered the uncertainty of the data and its use in the field . 
of tissue dose calculation rather than its use for CT number calculation 
and application in the field of CT scanning. For the purposes of CT number 
calculation corrected data was considered to be best estimate data and the 
correction method (described in 2 .6) minimises the numerical uncertainty 
in the elemental mass fraction data.
The V.F. values in Table 2.7«1 give the fractional errors 
in the uncorrected mass fraction sum. The error is due to the mass fractions ; 
of hydrogen, carbon and oxygen being uncertain rather than the mass fractions 
of other elements. ‘
Therefore ICRP data can be criticised for :
a) elemental mass fraction data errors which are not accounted 
for in the text, and
b) Uncertainties involved in the general compilation of all data.
2.5.3 The use of ICRP Reference Man data for the determination of
theoretical CT numbers.
In the absence of more comprehensive mass 
fraction source data and in the knowledge that the ICRP.report was written 
for a different purpose the composition lists given in the report must be 
used with care when calculating CT numbers.
The correction applied to the elemental mass fraction for each
tissue and organ, when the summation was not unity, v/as to adjust all of the ~
individual elemental values by a constant factor to make the summation unity and 
in this thesis, for the important tissues, fluids and solids studied such as 
liver and spleen tissues, body fat, blood, pancreatic tissue, skeletal 
compounds, brain tissue and cerebral spinal fluid, the correction factor was 
small and in the range 0 .95-1-05.
The representativeness of the mass fraction lists for 
liver tissue, subcutaneous tissue, aorta blood, mixtures of red and yellow 
marrow , cortical and trabecular bone have been studied extensively but the 
absence of exact trabecular bone data in Table 108 is unfortunate.
Therefore the theoretical mass fractions for trabecular bone were obtained 
by taking a normal mixture of red and yellow marrow (75% and 25% respectively.)
i
and increasing the calcium and phosphorus mans fractions to the trabj. bone levels. 
A simpler alternative used for the minimisation methods was to adjust the calcium 
mass fraction alone so as to derive an equivalent single value for the combined 
mass fractions of calcium and phosphorus. As the effect of the latter is 
about 25% of the total this is a reasonable assumption to make, and a change 
in the bone mineral mass fraction was identified with a change in the equivalent 
calcium mass fraction » (Ref. Table 3-5-^)•
The effect on the CT number of any change in the marrow composition 
in trabecular bone from that assumed above was studied by adjusting the 
marrow density and the carbon, hydrogen and oxygen mass fractions from the 
initial mixed marrow to the values for total yellow and the calculated CT 
numbers were analysed to determine the possible magnitude of error,due to 
marrow composition change, of the CT numbers for trabecular bone.
Similarly, the carbon, hydrogen and oxygen mass fractions in 
normal liver tissue were adjusted in equal steps from the normal values to 
those for subcutaneous tissue in order to study fatty degeneration of liver tissue 
and the variation in CT number with energy for different physical densities.
Trabecular bone disease was studied by reducing the physical density 
and the mass fraction (equivalent) of calcium in steps from normal levels 
to that for total marrow which could exist when calcium and bone mineral 
depletion is considerable.
In the case of a bone disease where there is a reduction in bone mineral 
• density without a reduction in mineral mass fraction the change in the CT 
numbers for such material change was studied by changing the effective material 
density alone.
Liver iron level was studied by adjusting the mass fraction of iron in the 
normal mass fraction list and noting the change in the calculated CT number 
for several effective physical densities.
The normal effective density for the different tissues and other 
materials was obtained from several sources. The ICRP Table 106 gives 
representative specific gravity values but only to the second decimal place.
The text - gives more accurate values, often to the fourth decimal place. 
Nevertheless the true material density in the body for tissues, fluids and 
solids is an unknown parameter and changes in this parameter are measured 
by a CT scanner. The density values given in Table 2.6.1 have been examined 
carefully and liver density and composition have been studied using in vivo
measurements with patients suffering from excessive iron overload and 
excessive fatty infiltration.
Liver biopsy results on the levels of iron and fat allowed the determination 
of liver physical density for 19 patients. For these patients the density 
range was 1.0635 - 1.0695 g/cc for healthy liver tissue. The results of the 
experiments are given in Chapter 6 of this thesis.
The mass fraction lists obtained from ICRP Table 108 have been 
tested against the in vitro measurements of Phelps (1975) and of RaO 
and Gregg (1973)* The tests show that a single normalising correction 
can be applied and that the in vitro density measurements of the above 
research groups agree well with the theoretical values used for the tests.
The results of this study as well as of measurements made on four corpses 
are reported in Chapter 5«
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Table 105 !««««*« Table 11 & 111 ureRFc
Adipose Tissue 0 .92 0.916
Subcutaneous 0 .92 0.93 . 0 .9 3 V
Aorta Blood 1.06 infant 1.0638 (1.0557-1.0743) 
adult 1.058 (1.052-1.064)
i
Plasma 1.03 male 1.0273 (1.024-1.030) 
female 1.0266 (1.0242-1.0299)
Erythrocytes 1.09 1.093 (1.089-1.097) 1.09 j-
Connective Tissue 1.20 * !
Brain
Cerebrum
1.03 1.030-1.041
white 1.0433 
grey I.O385
1.03 1.03
1.04
Cerebellum '
Brain Stem 1.04
Spinal Chord 1.01/1.03 male I.O387 female 1.0348 
grey 1.0382 white 1.0244
CSF 1.0069 (1.0062-1.0082) 1.00 1.00
Heart 1.06 1.04 1.04
Kidneys 1.08 baby 1.035 
adult 1.050 
Cortex 1.049 
Medullal.044
-
Liver
Lung 1.05/0.26 adult 1- ° ^ 1-°^.068)0 .26i0 .0 3  
baby 1.042-1.092 (1.0.68)-
1.05 1.05/1.0?
1.06/1.05
O .76
Blood 1.06 1.034
Muscle Skeletal 1.04
“
1.04
Pancreas 1.05 1.040-1.050
. w
Red Marrow 1.03 male 1.028 (0.992-1.047) 
female 1.026 (1.010-1.042) •
Yellov; Marrow 0.98 male 0 .983 (0.932-1.027) 
female O .965 (0 .923-1.025) ;
Skin 1.10
Epidermis 1.15. 1.145/1.25
Spleen •1.06 adult 1.054 
child 1.059-1.066
1.06 1.06
Thyroid 1.05 1.036 - 1.066 I
Urine 1.02
Thymus 1.03 adult 1.026 
child 1.020
Stomache Muscle 1.05 1.048 - 1.052
Breast Tissue 1.0455 0.97 0 .9 7
"Cortical Bone 1,85
Trabecular Bone 1.08'
Table of effective physical 
densities for important 
biological materials.
(best estimate source data)
Table 2.6.2
2.6 Theoretical CT numbers for Reference Man tissue, body fluids and 
skeletal compounds
The individual tables listed in Table 2.6.1 give the corrected mass 
fraction values for twentytwo elements, identified from the ICjRF Reference 
Man Table 108, for the tissues, body fluids and skeletal, compounds studied 
in this thesis. The summation correcting factor to produce a mass fraction 
sum of unity is listed as V.F. The maximum uncertainty in the list can be 
taken as the difference between this factor and unity.
The CT numbers have been calculated for a number of energies in the 
range 28 - 80 keV. Attenuation data was derived using the empirical 
function described in this chapter and Appendix 3* The function is based 
on a best estimate fit to the Hubbell (1969i 77) and Veigele (1974) data.
In the tables two CT numbers are given, the true value (EMI) for 
which the air scale factor is always 500 EU and the modified value (MEMI) 
which is the corrected value due to the spectral scale change which occurs 
at different operating kilovoltages and different scan field sizes. The 
equivalent monochromatic effective energies for each field and for the 
operating kilovoltage range of the CT 5005 have been determined, also the 
corresponding air scale factors have been measured. The results are given 
in Chapter 4.
The mass attenuation coefficient and the linear attenuation coefficient 
for the given material density and for water at 20 °C are included in the 
tables, (i.e. MUM/RHO, MAT MU and LINMUWATER).
The elemental atomic numbers were obtained from standard lists and 
the value for the material physical density was taken from Table 2.6.2.
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2.7 Source spectrum, spectral analysis and the calculation of_spectral_ 
change in fluids, solids and Reference Man compounds.
An analysis of the change in the ray path exit spectrum due to 
variations in ray path length is necessary for water and for mixtures of 
biologically important elements and materials. In order to obtain useful 
results for a specific scanner the source spectrum must be known. This 
can be provided by the manufacturer, obtained theoretically or measured.
The source spectra used in for this study were obtained from work by Birch 
(1978) at Harwell. The 140 KVp ( 4mm A1 filter) spectrum was derived 
theoretically, the 120 KVp ( 4mm A1 filter) spectrum was measured by Birch 
and supplied privately, the 100 KVp ( 3mm A1 filter) spectrum was obtained 
from the Harwell draft catalogue of X-ray spectra as the one which best 
fitted the CT5OO5 tube output. In practice the real tube filtering is about 
equivalent to 3*5mm aluminium filtering and not 4mm as has been assumed.
Also for 14D and 120 KVp operation it is assumed that the anode angle is 20° 
but for the 100 KVp study it had to be assumed to be 17° as this was the 
only available spectrum in the Harwell catalogue at the time of the study.
The uncertainty in the spectral studies as a result of the use of these 
source spectra is not significant when the total theoretical uncertainty is 
considered.
The representativeness of the empirical function derived for the 
theoretical studies in this thesis and the program written for spectral 
calculations were tested using the given source spectra for different length 
ray paths in aluminium and the spectral change and exit spectral parameters 
were compared with those derived by Birch. The results are given in Table 3«4.
Using the codes written for the EMI/ DG ECLIPSE computer used with 
the IVC facility different materials were studied and the ray path lengths 
were varied. The results are given in Chapter 3. As the CT5005 scanner 
has variable thickness aluminium correcting wedges in the scan field the 
aluminium pa^hs must be included in any theoretical study. The calibration 
phantoms were studied in detail along ray paths through the centre of each 
phantom and the aluminium wedge thickness was included in the study. The 
spectral change for a ray path off-centre was calculated and the increased 
aluminium wedge thickness and reduction in water path length we re used.
In addition the degree of spectral hardening due to a variation 
ray paths lengths in hard bone and through the skull we re studied and the 
spectral parameters compared with a fixed length water path for all three 
scan field sizes.
When mixtures of tissues were studied in the bone analysis the tissue 
composition was based on the corrected mass fraction lists given in 2.7 und 
. the results of the spectral analysis are given in Chapter 3-
2.8 Summary
The derivation of best estimate photon absorption data has been 
described and an empirical function has been constructed and tested which 
calculates the photon absorption cross-sections at any energy in the range 
10keV to l40keV for all atomic numbers in the range 1 to 53»
The function is used for the calculation of the total or photoelectric 
and scattering cross-sections and has been tested by comparing the calculated 
cross-sections with those derived by Hubbell and Veigele. Also additional 
tests we re made using body materials, salt and sugar solutions and solids.
The use of ICRP data for the determination of elemental mass fractions 
has been discussed and the result of using such data to calculate the CT numbers 
and linear and mass attenuation coefficients for a variety of tissues, fluids 
and skeletal compounds is described.
A description of.the spectral change that occurs along 
ray paths of different lengths consisting of different elemental mixtures 
was studied. The effect of such spectral change on the derived CT numbers was 
described and the importance of making correct spectral analyses,so that 
the change in the measured CT numbers. due to changes in the exit spectrum 
for all ray paths through a human body, was discussed.
In the practical situation software operations on 
the detector outputs,which correct for spectral hardening in body scans, 
is probably unnecessary as the amount of spectral hardening that exists 
does not require correction. Consequently the CT numbers measured in practice 
will vary due to the software operations which are discussed in Chanter 4.
CHAPTER 3
THE SPECTRAL CHANGE FOR DIFFERENT LENGTH RAY PATHS OF MIXTURES OF TISSUES, 
LIQUIDS AND SOLIDS, MEAN ENERGY OF SPECTRUM AND EQUIVALENT MONOCHROMATIC 
El [ERG Y.
3.1 Introduction. •
When a CT5005 scanner is calibrated for a specific 
operating spectrum the exit flux from all ray paths through a water 
calibration phantom is detected and the output signals are stored for each 
scan traverse and used as the water reference for that source spectrum.
The detector signals are automatically adjusted for any spectral change 
at the source during a scan by taking a reference signal from a ray path 
which is not in the scan field. The reference path consists of different 
path lengths of aluminium for each correcting wedge set., the thickness being 
chosen to give reference detector output signals which are of the same 
level as the signals from the scan field detectors. If the source spectrum 
changes from the calibrated value then a spectral error is introduced 
as the reference path detector signal will change more or less than the 
phantom path signals depending on the direction of change of the operating 
kilovoltage. The error manifests itself as a change in the CT number for the 
calibration phantom water and in practice themmber goes more negative as the 
kilovoltage reduces • If a patient is scanned then the derived CT numbers for 
tissue will be in error. A study of the magnitude of such an error is made.
A similar change in the water calibration level will occur if the scan field 
detector output signals are adjusted by the software for the purpose of reducin 
spectral error which can occur when the contents of a calibration phantom are 
changed. Any change in the detector output caused by software is effectively 
a change in the water calibration level.
Whether such a software operation is necessary needs to be studied and to do 
this an analysis of spectral change in the scan field is required for 
a variety of materials in a ray path and the thickness of the aluminium 
wedge must be accounted for in the study.
The effect of the aluminium correcting wedges 
is complex. For a fixed source spectrum the first wedge, the source wedge, 
will change the spectrum transmitted for any point along its length. For a 
given ray path the spectrum incident on the surface of the object being 
scanned is dependent on the point that the ray path passes through the 
source wedge. After passing through the object the exit spectrum is
incident on the second wedge, the detector w?dge, and the wedge exit 
spectrum depends on the path through the aluminium wedge. This is the spectrum
that is detected for the particular ray path. Such a change in the detected
spectrum for any point along a scan field traverse needs to be studied.
It is clear that if an object is scanned which is smaller
than the scan field size the detected spectrum could have a lower mean spectrum 
energy than the calibration water phantom. Also attenuation will be less so 
that the integrated photon flux at the detector will be larger than the 
value for the phantom. Consequently the derived CT numbers for the object could 
be less than the correct values , but softv/are adjusts the detected signals 
to prevent excessive errors in .the derived CT numbers.
Also in the case of high attenuation and high mean spectrum . energy 
such as v/ith scanning of the skull the CT numbers will be higher than the 
correct values. The software is used to adjust the detected signals to 
prevent large spectral errors though when long path lengths exist in hard 
bone the amount of software correction that can be applied is limited.
Some materials which are biologically important contain a 
high water content and the attenuation coefficient varies with energy in 
a similar way to water. Therefore the CT number will not vary significantly 
with spectral change. Such tissues are the liver and spleen , blood behaves 
in the same way too.Table 2.6.1 shows that at 30 keV the EMI number(liver) 
is 38*92 EU and at 80 keV it is 33-32 EU, the change is small.
Therefore the possibility exists that aorta blood 
could be used to correct for software recalibration and for the correct 
CT numbers to be obtained for other tissue in the scan field. Liver tissue 
CT numbers should change in the same way as aorta blood except when there is 
excessive fatty infiltration. The CT number for fat varies considerably with 
spectral change and the CT number will depend on the size and shape of the 
patient and the amount of software correction that is made as well as the 
amount of fat present and the effective density of the liver tissue and of 
the fat.
Therefore the analysis described in this Chapter is aimed at 
developing the concept that when the body is scanned there are scan planes 
in which there is negligible spectral hardening and softv/are operations 
are unnecessary. The software operations are discussed in section 4.3 but 
as these operations exist CT number error is produced directly from them. 
Therefore a technique has to be developed which determines the magnitude of 
the error for any patient and any scan slice. Such a technique is considered 
in this chapter and discussed in section 3-^ and section 3-3-
3-2 Spectral parameters.
The important spectral parameters are as follows:
2
Source photon fluence rate (photons/cm /s) 0o
Exit photon fluence rate 0
Source spectrum, mean spectrum energy , Eo
Exit spectrum, mean spectrum energy ,
Ratio of source to exit spectrum integrated photon flux, V
Monochromatic equivalent energy which gives the same ratio, V
Source energy fluence rate ! io
exit energy fluence rate i , I
Ratio of source to exit energy fluence R! - s
Monochromatic energy which gives the same ratio E
s
Using the Bouger, Lambert, Beer equation. (Ref. 11, 44,8)
2.9.1
2.9.2
2.9.3
Therefore for a given ray path length, x , and constant E the calculated 
— o
E^gives the differential Ji(Es) . '
If Ewyis known f°r a water path of length, x , then
2.9.4
2.9.3
gives the change in the effective linear attenuation coefficients for 
photon fluence and energy fluence rates for a given spectral shift. If E,
p
is known then ^  can be determined if is calculated for a given source 
spectrum, (Ref. App. 1).
also
E = exp ( p (E^) - p (Es))
exP <• !\, < V  " A, (V
= x loS 7 V  + /*(V
I = Iq exp (- ji(E) x) 
where I = and E^=y
therefore ^.E =^0 E* exp (-ji (E ) x)
and ^  = exp ^
giving E^ = Eq exp ( ji (E^) (Eg))
3*3 The variation of several spectral parameters along ray paths through
aluminium and water.
A study of the attenuation and change in the photon 
spectrum, which is the same as or similar to the spectra used in the EMI 
CT 5005 scanner, along water and aluminium ray paths v/as made to test the 
theoretical method used to calculate spectral change in this thesis.
The initial study for water paths does not include any aluminium or 
perspex and v/as made for 120 and 140 KVp spectra. The water v/as assumed to be
at 20°C and the source spectra was from the Birch(l978) data for 4mm
aluminium filtered spectra produced with a 20° tungsten anode. The results 
are given in Table 3-3»1 and Figure 3-3*1 * the latter includes the change 
in the mean spectrum energy with water path length at 100 KVp for filtered 
aluminium and 17°anode angle.
The study for water paths of lengths 24, 32 and 40 cm within the CT5OO5 
aluminium wedges v/as made. The ray path was taken to be along the scan field 
centre line.The effect of spectral change along the ray path was studied by 
dividing the path into specific lengths as shown in Table 3.3.2. for the
120 KVp spectrum in order to compare exit spectra for water and typical liver,
fat and bone ray paths. The mean spectrum energy and the total photon flux
were determined for each interface and the photon fluence and the energy 
fluence effective energies were calculated.A knowledge of the spectral parameters 
is important in order to understand the spectral effects that occur when human 
bodies are scanned v/ith or without bolus and on wooden or plastic supports.
Also the effect of scanning bodies in different size wedge fields and the 
consequent change in the CT numbers for the same anatomical structure and 
body shape and size requires a knowledge of spectral change and of the software 
corrections needed to minimise spectral effects.
A study for 24, 32 and 40cm water paths was made for 100,120 and 140 KYo 
source spectra and the spectral flux intensity at exit was compared with the 
source to determine the proper energy fluence effective energy for these 
water path lengths. The results are given in Table 3*3.3*
It can be seen from Table 3 .3.1 that as the spectrum hardens with 
increasing path length the mean energy increases by about 5 .5 KeV from 24cm 
to 40cm at 120 KVp and 6.4 KeV at 140 KVp. Table 3.3.3 shows the change to be
4.2 KeV at 100 KVp. Therefore spectral change is less at lower kilovoltages 
for non circular shaped objects.
As the CT5005 detector system is based on detection of energy 
fluence then for circular shapes the value for Es changes by only 2 KeV for 
a water path length change of 24cm to 32cm. For normal anatomical shanes the
value of is not likely to vary by this magnitude.
The change in the exit spectrum mean energy ( photon spectrum ) ls 
an indication of the change in the energy fluence monochromatic 
equivalent energy* Es • It can be seen, Table 3.3.2 , that from the 24cm path 
to the 32cm path the mean energy increases by 2.8 keV at .120 KVp. For the 
32cm and 40cm paths the mean energy increases by 2.4 keV, at 120 KVp.
If the mean energy is to be constant at the exit from the detector 
wedge Tor increasing water path length, the operating kilovoltage would have i 
reduced. Figure 3.3.1 shows the variation in the spectrum mean energy with 
increasing kilovoltage. The required reduction in kilovoltage for longer 
path lengths can be determined. The reduction is approximately the same as
the increase in the spectral mean energy, E^, but automatic adjustment of the 
operating kilovoltage during a scan is at present impracticable . Therefore 
for larger objects and longer ray paths an increase in the spectral mean 
energy occurs at the path exit and an increase in the equivalent energy, E^.
The source spectrum used for the spectral studies were obtained from 
Birch(l9?8) at Harwell. Therefore it was necessary to test the calculation 
method used in this thesis by calculating the exit spectrum parameters 
for the aluminium path lengths 18,25, 40 and 70 mm studied by Birch at 
140 KVp. Table 3*3 »4 gives the results of the calculation for the the above 
aluminium path lengths. The incident spectrum was taken to be the Birch 
140 KVp spectrum with 4mm aluminium filtering and 20° anode angle.
Birch calculated the spectrum mean energies at exit to be as in Table 3.
Path Length
mm
18 25 40 70 75 4
Birch keV 73-1 76.6 82.5 91.2 —  .. 61.1
Williams keV 74.04 76.94 82.35 90.61 91.73 —
% 0 below 40 KeV 3.45 1.19 0.29 0.01 20
The 143 KVp study was made for an aluminium density of 2.694 g/cc. Also 
at a path length of 18mm the flux below 40 KeV is 3*45% of the total exit 
flux and for longer path lengths the percentage below 40.keV is less.
The^efore for the sPectral calculation the incident flux below 40 KeV was 
not, included and this resulted in the calculated mean' energy being greater 
chan the 3irch /alues for the 18mm path length. At lower operating kilovoltage 
the spectral calculations include the full spectrum. That is 20 - 120 keV at 
120 KVp and 10 - 100 keV at 100 KVp.
At 100 KVp Birch calculates an exit spectrum mean energy of 62.3 
for 2.0mm aluminium filtering and 20 cm of tissue. Figure 3-3.1 shows that for 
a water path of 20 cm the calculated mean energy is 62.k keV for the same 
source conditions and extrapolation of the results given in Table 3-3-3 shows 
that the ratio of incident to exit photons is 102 and this is compared to 112 
determined by Birch for higher density tissue.
In conclusion the method used for spectral studies in this thesis 
compares well with the Birch method.
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.263808E 
.219888E 
.173888E 
. 133M0E 
.918088E 
.588888E 
.1088882
8.372880E, 3
8.522I88E 
8.473888E 
8.423I8IE 
8.378888E 
8.331 HIE 
8.28(888E 
8.2418I8E 
8L197888E 
r. 134888E 
8.112888E 
8.788888E 
8.388888E
Incident, Flux
I.321238E 
8.333449E 
I.339226E 
8.372181E 
8.2(228IE 
8.239184E 
8.252376E 
8.242312E 
I.229839E 
8.215361E 
8.199629E 
8.182938E 
8.165329E 
8.147154E 
8.128839E 
8.189882E 
•. 987883E 
•.716459E 
8.323371E 
8.331837E 
8.142894E
8.113388E 
8.337419E 
8.338838E 
8.273288E 
8.2618I2E 
8.237872E 
. 8.249921E 
8.239399E 
8.226S96E 
8.211676E 
8.193576E 
8.178377E 
8.168918E 
8.142762E 
8.123836E 
8.185157E 
8.859244E 
8.666774E 
8.474912E 
8.284286E 
8.934229E
8.313387E •
8.333812E
8.339281E
8.334682E
8.2(2888E
8.268284E
8.234273E
8.245264E
8.233339E
8.219355E
8.284817E
8.187227E
8.169631E
8.131941E
8.133389E ,
8.114571E
8.936853E
8.763877E
8.3713UE
8.382368E
8.198199E
• 8888ME
I.31988IE 
8.183383E 
8.338M8E 
8.76912IE 
l.2(1339E 
8.26116IE 
8.256336E 
8.247674E 
•.236350E 
8.222829E 
0.207893E 
8.191448E 
8.174147E 
8.156232E 
8.137873E 
0.U9223E 
8.108398E 
8.818383E 
8.621588E 
8.428737E 
8.237331E
I.477899E 1
PHISUtl 0.815818E 3
PHinSUH 8.292172E 5 x  ,
HEAN ENERGY IS 8.748399E 2
RATIO INCIOENT/EXIT PHOTONS* 8.279222E
PHI(68) IS 8.231368E 3 
RATIO OF PHI/PHIH IS 8.273648E 1
AT AN
EFFECTIVE ENERGY OF 8.628888E 2
INTENSITY OF EXIT SPECTRUH IS 0 2 !§32
RATIO OF SOURCE TO EXIT FLUX INTENSITIES IS 
+ AT AN *
EFFECTIVE ENERGY OF' 8.620008E 2. _
THE ACTVAL INTENSITY RATIO IS 0.274883E
8.216324E
8.273648E 1
Exit Flux
Energy, KeV,
Aluminium 
Path Length 
l8mm
Photon Flux Snectrum at Exit
8.178388E 
8.188296E 
8.286818E 
0.486289E 
8.178883E 
I.173726E 
8.173746E 
8.178492E 
8.164838E 
8.157144E 
8.148813E 
8.137424E 
8.125987E 
8.113664E 
8.188864E 
8.876473E 
8.741314E 
8.688712E 
I.462326E 
8.319931E 
8.177(23E 
0.338619E
.666347E 3 
.2I3976E 3 
.212364E 3 
17(313E 3 
.173248E 3 
.174813E 3 
.171413E 3 
.166S93E 3 
.159384E 3 
.158368E 3 
.148119E 3 
.128891E 3 
.116893E 3 
.184382E 3 
.989323E 2 
.773(446 2 
.(36333E 2 
493384E 2 
.334137E 2 
.212619E 2 
.713684E 1
8.182783
8.280(24
8.211887
8.3(7134
8.172548
8.174188
8.172443
8.1(7941
8.1(1228
8.132(38
8.142733
8.131887
8.1288(4
8.1873(3
8.9438(9
8.889(23
8.(71(48
8.332838
8.391(84
8.247422E
Exit Flux .
Aluminium 
Path Length 
2.5mm
Photon Flux Spectrum at Exit
PHISUH 0.815810E 3
PHINSUH 0.182332E 5 ■ „ .
NEAH ENERGY IS 0.789390E 2 ■ _
RATIO INCIDENT/EXIT PHOTONS* 0.447429E 1
PHK60) IS 0.166085E 3
RATIO OF PHI/PHIH IS 0.439188E 1 .
AT AN * .
EFFECTIVE EHERGY OF 8 63880BE 2
INTENSITY OF EXIT SPECTRUH IS 8.1402856 7
RATIO OF SOURCE TO EXIT FLUX INTENSITIES IS 8.413384E 1 
AT AN
EFFECTIVE ENERGY OF 8.CS8080E 2 
‘THE ACTUAL INTENSITY RATIO IS 6.4238786 :
1.9113421 2
0.741817E 2 
I.816541E 2 
8.698642E 2 
•.734208E 2 
I.758669E 2 
I.7K899E 2 
I.7S8927E 2 
I.737727E 2 
0.706196E 2 
I.664438E 2 
8.613288E 2 
8.361663E 2 
9.3I1434E 2
• i m u c  4
1.3432191 
8.CM81CE 
I.742884E 
I.1419S8E 
I.783884E 
I.742237E 
I.762434E 
0.763339E 
I.734134E 
I.729828E 
8.693561E 
9.652933E 
0.603343E 
0.546370E 
I.486328E a
1.284889E 
I.C937I3E 
8.782573E 
8.692281E 
I.713123E 
8.749124E 
I.764898E 
0.764634E 
I.749893E 
8.722616E 
8.683768E 
8.648896E 
I.389334E 
0.332330E 
8.469136E a jajaior
Exit Flu:
Table 50.^ 
(continued)
Aluminium 
Path. Length 
AOmm
Photon Flux Spectrum at . Exit
PHISUH 8.815818E 5
PHIHSUH 0.709690E 4
HEAN ENERGY IS 8.823506E 2 .
RATIO INCIOENT/EXIT PHOTONS* 0.114933E 2
PHI(60) IS 8.816248E 2 
RATIO OF PHI/PHIH IS 0.U4925E 2
AT AN
EFFECTIVE ENERGY OF 0.638800E 2
INTENSITY OF EXIT SPECTRUH IS 0.584434E 6
RATIO OF SOURCE TO EXIT /LUX INTENSITIES IS 8.181S68E 
AT AH , ■ ■ ■ ■ *
EFFECTIVE ENERGY OF 8.680000E 2
THE ACTUAL INTENSITY RATIO IS 8.101746E 2
• i • i i i • • i i i  ........
Exit Flux
Aluminium 
Path Length 
70 mm
Photon Flux Snectrum at Exit
Aluminium path length 75mm.
S[Hj
[■ LJ
n rH |1n
11
I
I1
1
PHISUH 8.815810E 3
PHIHSUH 8.128334E 4
HEAN ENERGY IS 8.986122E 2
RATIO INCIOENT/EXIT PHOTONS* 8.635598E 2
PHK60) IS 0.197152E 2 
RATIO OF PHI/PHIH IS 8.(14682E 2
AT AH • . ■
EFFECTIVE ENERGY OF 8.7888882 2
INTENSITY OF EXIT SPECTRUH IS 8.11S305E 6
RATIO OF SOURCE TO EXIT FLUX INTENSITIES IS 0.490658E 2 i 
AT AN • i 1
EFFECTIVE ENERGY OF e.7400<0E 2
THE ACTUAL INTENSITY RATIO IS 8.511274E 2 • ;
PHISUH 0.81581BE 5
PHIHSUH 0.980325E 3
HEAN ENERGY IS 8.917294E 2 
RATIO INCIDENT/EXIT PHOTONS* 0.832182E 2
PHI(68) IS 0.153584E 2 
RATIO OF PHI/PHIH IS 0.7863.49E 2 4
AT AH
EFFECTIVE ENERGY OF 8.7180882 2 *
INTENSITY OF EXIT SPECTRUH IS 8.899247E 3
RATIO OF SOURCE TO EXIT FLUX INTENSITIES IS 0.638974E 
AT AN
EFFECTIVE ENERGY OF 0.748008E 2
THE ACTUAL INTENSITY RATIO IS . 0.661262E 2
Table 3.3.1 The effect of varying ray path lengths in water at_20_C,
f .r 120 and 14Q KVp X-ray spectra.
( 4mm aluminium filter, 20° tungsten anode angle.)
120 KVp
Ray Path 
Length
Source,total 
photon flux.
Exit,total 
photon flux.
mi
Mean
energy.
E/ '
Ratio.
3*
Ratio.
Monochromatic 
equivalent 
energy. E^
0 9.9A-93E A 54. kS
20 1.3321E 3 7 0 .1 7 7 ^ .6 9 7 3 .7 0 55
24 5-98352 2 7 1 .8 3 1 6 6 .2 8 165.54 56
27 3.3046E 2 7 2 .9 7 3 0 1 .1 0 297-10 57
29.5 2.0223E 2 7 3 .8 7 491.97 476.15 58
32 1.2A-13E 2 74.74 801.50 758.46 58-59
36 5.7119E 1 76.04 1740.32 1737.49 59
AO 2.6A-89E 1 77.26 3755.98 3720.85 60
kk 1.2339E 1 78.41 8062.97 7891.84 61
140 KVp ( B ) ( phobon energies below AO keV not included.)
0 8.1581E A 67.48
20 1.4907E 3 77.16. 54.73 54.18 64
2k 6.8731E 2 78.93 1 1 8 .7 0 1 1 6 .6 8 65
27 3 .8639E 2 8 0 .2 1 211.14 204.55 66
29.5
32 1.A918E 2 82.27 546.87 527.47 67
33-4 1.1448E 2 82.83 7 1 2 .6 3 6 6 9 3 .8 9 8 67
36 7.01A-3E 1 83.84 1 1 6 3 .0 6 1154.71 67
AO 3.3162E 1 85.35 2460.07 2415.61 68
kk 
-- 1.5757E 1 86.79 5177.43 5018.55 69
Plot of Water Path Length 
against Spectrum Mean Enermy.
Path Source,total 
length. photon flux.
cm £ 0 .
120 KVp
Exit,total 
photon flux.
^  mi
Mean Ratio 
energy
Ratio Equivalent 
_ energy.
R§ V
0.1 A1 9.94930X10^ 8.83182X10^ 57.823 1.12652 1.12172 46.000
12cmH20 
10cmH20 
2cmH20 
0.1 A1
6.34030X105
8.30425X102
3.58041X102
5.20783X102
66.797 1.39296X10’* 
71.428 7.63500 
72.214 1.48810 
72.587 1.07154
1.35573x10* 54.000 
7.57071 62.000 
1.48679 65.OOO 
1.07017 65.000
4cmH20 8.83182X10^
24cmH20
4cmH20
0.1 A1
3.52502X10^
2.53708X102
1.16249X102
1.08913X102
61.562 2.50546 
73.689 1.38939X102 
75.055 2.18244 
75.367 1.06736
2 .4 872.8 50.000
1.38798X102 60.000 
2.17922 68.000 
1.06651 68.000
8cmH20 8.83182X10^
2 f^cmH20
8cmH20
0.1 A1
1.47368X10^
1.16249X102
2.48804X10*
2.33766X10*
64.438 5.99302 
73.055 1.26768X102 
77.535 4.67234 
77.804 1.06432
5.91460 52.000 
1.24426X102 63.OOO 
4.66897 70.000 
1.06341 71.000
12cm Liver 8.83182X10^ 
(1.06)
10cm Fat 
(0 .98)
2cm Bone 
(1.50)
0.1cm A1
5.47159X103 
8.13580X102 
3.82044X102 
3.57550X102
67.275 1.61412X10* 
70.848 6.72532 
74.115 2.12954 . 
74.439 1.06850
1.58346x10* 54.000 
6.70731 62.000 
2.11403 65.OOO 
1.06766 67.OOO
12cm Liver 
(1.06)(28) 
9cm Fat 
(0 .98)(-24) 
3cm Bone
(1.5)(386)
0.1cm A1 
(rho) (EU)
5.47159X103 . 
9./&2329X102 
3.19102X102 
2.99093X102
67.275 1.61412X10* 
70.521 5.57001 
75.253 3.07841 
75.552 1.06689
1.58346X10* 54.000 
5.54490 62.000 
3.07374 65.OOO
1.06651 68.000
N.B. Key to table headings
2Phisum ) is the total photon fluence at source (photon/cm )
/ 2Phimsum ( ^ L )  the total photon fluence at path exit (photon/cm )
Mean Energy ( ^  ) * total energy fluence/total photon fluence at path
exit •
Ratio (R (R?) " the ratio of total photon fluence at entrance to
* path section to that at path exit
Ratio (Rg) « the ratio of total energy fluence at entrance to
path section to that at path exit
%
Effective Energy (E ,) is the monochromatic equivalent energy which gives
^ the ratio, R^. for the path material
Effective Energy (E ) is the monochromatic, equivalent energy which gives
the ratio, R^.., for the path material
o
22
vo -d*
CM AA VO r •A r- A AA • • OA O0 CO AA r VO A
A
A
-d LT\ 
A  A
A
A-
•
S
CM
ON
OJ
•
O
CO
ON ON 
A  A
A
[A
•
AVO
O
22
•3- O  r- -cr
O  .o CM 
v  A
O
CM CM 
r- A
3  CM 
r- A
8 -d 
r* CM
O ^ 
CM -d 
*- CM
r- CM
Xi 
^ +1 © xi to<~> 
ft P P C E 
>  d d o o 
13: ft ft ^
p
a
A -H• ft
A
• u
A ©
P
©
© E
H . d
X u
d d
Eh ft
CM
ON
A c O  
A - d  CM
ON VO A- 
ON CM IN
8
v- VO LA 
OO r  A  
LA • •
r- K M A  
CO A  CO
A  
A- 
LA co v- 
A - d  -d 
On • •
A  O  VO 
A  A  VO
A  
A  
A  r- -d 
A  • A- 
-d -d • 
A  CM -d 
A  r* CA
CO 
A- 
v  r- A-
CO • CM 
A  A  • 
*- -d CM 
CO r- 00
P
d
©'d
•H
* 8Hi
CO
A
•
A
A
A-
A
A-O
«
O
3
CM
CM
VO
•
o
A
A
-d
O
CO
A-
VO
CO
•
VO
-d
A
A
OO
a
A- O  
A  VO
VO
•
Av
-d* co 
CM vo
-d
O
A
-d
O -4* 
r- A
CO
-S'
*
co
A  A  
A- A
S'
tA
CM A- 
A  VO
-d
A
VO
-d
O
CM
CO
A
R
CO
CM
CM
A
O
OVO
VO
CM
•
A-
A-
CM
A
A
CM
tA
CM
CM
a UJ
A
•
O
A
VO VO 
CM VO
A
CM
A
O  tA 
CM tA
CO
r~
A
•
CMO CO 
CO A
A
A-
A•
-d
A - d  
A  VO
OO
O
CM
t
A
A-VO 
-d- A-
«n
CC vt
U^j
©
vo
A
•
CO
A
A-
CM
A
•
O
O
v~
CM
A
VO
O
•
A
A
CO
OO
CO
-d
co
o
vo
A
-d
A
A-
CO
O
A-
R
•
O• 2 R
A  VO A  
A  • r-
r“
•
V-
O
A
•
v~
•
A - d  • A VO CO A A
AVO-d- r~ O  CM A VO VO VO
A - d  VO CM CM A CM r- A V“
S OO -d
vo
•
A
O -S
A A A CM A CO CO A
A  • OO • • £A • •
-d OO • VO A A CO
A  A  r- VO VO vo CM CM CM A
A  A  IA r* x~ A -d V  VO T~
v~
VO
A
-d
co
-d
•
VO
o
VO
r~
x- A  A VO vo A- v VOOO • A • • -d • •
A  A- • CO vo CM tA A
r- OO OO H t- A O  -d o
OO VO A- V- r- VO A v- A- x~
or
VJ\aJ
e
e  d
d 10 
10 E 
-H *H
xi xi 
f t  f t
o
r*i *H 
ho P
u  d 
© ft
5  rH
d
§d P© o
s  <
© © d'S- e a > > o o ©CK •H •H t o d u p d
X i X i u © d •H pH
ft ft © d o ft03 d i—i CO ft
C •* ft ft
O O o hO
-P -p •H d
o -P •H -P ©
X i d X d d
ft ft ft ft ft
O
©
o
d
©
3
(—I
d o 
d -h
p  p
o d 
<  ft
3* 4 The predicted variation with energy of the CT numbers for salt and 
sugar solutions and solids.
The salt solutions studied and described in this thesis were potassium 
iodide and potassium chloride in water at 20°C. The sugar solutions were based on 
dextrose and the solids were aluminium, perspex, polyethylene and bone equivalent 
material(BEM).,
Potassium Iodide and Chloride salts were chosen because the change in the 
effective density of the solutions with increasing concentration of salt were 
accurately listed in the Chemistry and Physics Handbook (197&) -Also KC1 in 
combination with water partially simulates tissue and KI was used as iodine 
compounds are used as contrast agents. Dextrose solutions were used because 
the change in the theoretical CT number with energy is to increase rather 
than to decrease as occurs with KC1 and KI solutions. Also Dextrose solutions 
simulate tissue approximately in physical density and with hydrogen, carbon . 
and oxygen mass fractions. Perspex, polythene and BEM are compounds used as 
sample materials in the construction of the EMI special phantoms and 
aluminium is used in the CT5005 correcting wedges.
Table 3»4»1 gives the calculated CT numbers 
as before for calibration phantom perspex, (jo = 1.185 g/cc). At low photon 
energies the attenuation is less than for water and the CT numbers change 
from positive to negative values as energy reduces.
Table 3-4*2 gives the values for pure aluminium as used in the scan 
field correcting wedges. Table 3«4*3 gives the values for the polythene used 
in the EMI complex phantoms at a density of 0.92 g/cc. It can be seen that 
as energy reduces the CT number falls rapidly to large negative values.
Table 3*4.4 gives the values for two dextrose solutions of densities 
1.034 and 1.080 g/cc. It can be shown that the higher density solution gives 
CT numbers and dual energy differentials comparable to liver tissue with 27% 
fatty infiltration. The effect of increased fatty infiltration can be studied 
using dextrose solutions with Polypropyl Alcohol (Propanol 1 ) added in correct 
quantities to simulate increased fat mass fraction in liver and the 
corresponding density reduction. The effect of increased fat content in the liver 
is given in Table 6.4.1 and the change in CT numbers for different 
concentrations of Propanol 1 in water is given in Table 4/5.2
Tables 3*'-*5 and 3-4.6 give the values for KI and KC1 solutions at the listed 
effective densities for 20°C solutions. The solutions were used to determine 
the monochromatic equivalent energies for the 1?8 mm head ph£mtom at
several operating kilovoltages for the CT5005 machine using, at the time,
_  pre 2085 software (I.e. V02B ). The results are given in Chapter b.
Table 3 .-';.7 gives the value for Teflon, 'jtouTsqii^Sent ^teriall '
jgmiTTi ■itmmin ■HlIilTTl■xmmiH
l i l t ■ a t m H■ B it i l■fmna ■xrtttftiH■iff mil
u D■H i La D rH c u ra w* H ru r c ■xmmft
KILOVOLT? 141,11 130.11 120.11 110.00 100.00 00.00 0.00 0.00 0.(0
EFF.EHERCY 00.00 75.00 72.00 (8.00 (5.00 (2.00 50.50 30.00 28.00
SCALE AIR 474.80 482.00 400.(0 580.00 510.30 500100 500.00 580.00 500.00
LIHHUHATER 0.184230.188020.100(70.104740.108310.202438.20(380.387(30.43177 
HEHIHUHBER (2.83 (1.72 (1.32 (0.11 50.20 55.55 53.23 *18.33 -28.16
EHIHUHBER . ((.!( (4.03 (2.50 (0.11 58.00 55.3( 53.23 -18.33 *28.05
HUH/RHO 0.17(040.178090.181(10.184100.18(770.189810.192700.315120.34302 
NAT. HU 0.208(10.212100.214500.2181(0.221320.224930.228350.373410.40754
FUNCTION VALUE IS* (4.08943(00(0 HATERIAL DENSITY IS * 1.185001 
)P .
PERSPEX RHO 1.185 C'CC C5H002.
ATONIC NUNOERS ARE— 0.13000IE 2 «.130I00E 2
I.130000E 2 I.130000E 2 I.138008E 2 I.I30000E 2
0.130080E 2 0.130000E 2 0.130000E 2 0.130000E 2
0.13000IE 2 0.130000E 2 0.130000E 2 0.130000E 2
0.130000E 2 0.130000E 2 0.130000E 2 0.130000E 2
0.130000E 2 0.130000E 2 0.130000E 2 0.130000E 2
HASS FRACTIONS ARE . 0.100800E 1 0.800000E 0
0.000080E 0 0.008800E 0 0.088080E 0 0.000080E 0
0.000800E * 0 0.008080E 0 « 0.080000E 0 0.080008E 0
0.008000E 0 0.008000E 0 0.000080E 0 0.008800E 0
0.000800E 0 0.008000E 0 0.088000E 0 O.O0OOOOE 0
0.008000E 8 0.000008E 0 0.000080E 0 O.O08088E 0
KILOVOLTS 140.00 130.00 120.00 110.00 100.00 90.00 0.00 0.00 0.00
EFF.EHERCY 88.00 75.00 72.00 (8.00 (3.00 (2.00 59.50 30.00 28.00
SCALE AIR 474.80 482.00 490.(0 500.00 510.30 500.00 500.00 500.00 300.00
LIHHUHATER 0.184230.108020.190(70.194740.198310.202430.206380.307(30.43177 
.HEHIHUHBER 941.991010.9010(8.041153.281234.981275.001339.253319.313589.(5 
EHIHUHBER 991.9(1040.(51085.321153.281210.051275.001339.253319.313509 (5 
HUH/RHO •.2040(0.21(170.224970.239(20.2517(0.2(5900.281791.099001.31092
HAT. HU 0.549740.3023(0.(0(0(0.(43930.(78250.719030.759152.9(0933.331(1 
FUNCTION VALUE 10*1122209.1080000 HATERIAL DENSITY IS • 2.(94001 
OP
ALUHIHIUH RHO 2.(94 (/CC .
Table "
CT numbers for 
Perspex
Table 3. A. 2
CT numbers for 
Aluminium.
ATONIC HUHBERS ARE . 0.1 M I M E  1
0.180000E 1 0.10IIIIE 1 0.10MME
0.180000E 1 0.100000E 1 0.100000E 1
• (•UIIE
1 
0.108000E 1
0.1 H O M E  1 
0.100000E 1
0.1IMME 1
0.1 M I M E  
0.108000E
HASS FRACTIONS ARE .
O.OBOOOOE 0 0.000008E
0.000000E 0 0.008000E
O.OOOOOOE 0 O.OOOOOOE
O.OBOOOOE .0 O.OOOOOOE
O.OOOOOOE 0 0.088080E
 0.108000E
1 0.108000E
1 0.108000E
0.143717E 0 
0 O.OOOOOOE
0 O.OOOOOOE
0 O.OOOOOOE
0.855282E
0.100800E 
I.100000E 
0 100000E 
0.100000E 
0.100000E
 0 4 O.OOOOOOE 
0 0  0 O.OOOOOOE 0 O.80000BE 0
KILOVOLTS 140.00 130.00 120.00 110.00 100.00 90.00 0.00 0.00 0.00
EFF.EHERCY 80.00 75.00 72.00 (8.00 (5.00 (2.00 59.50 30.00 28.00
SCALE AIR 474.80 482.00 490.(0 5(0.00 510.30 300.00 500.00 500.00 500.00
LIHHUHATER 0.184230.188020.190(70.194740.198310.202430.20(380.387(30.43177 
HEHIHUHBER -40.15 -43.55 -45.53 -50.83 -54.95 -57.35 -(0.71-1(5.13-179.35 
EHIHUHBER -42.29 -45.28 -47.44 -30.83 -53.85 -37.35 -(0.71-1(3.15-179.35
HUH/RHO 0.183320.1858(0.187580.1901(0.192340.194880.197080.282170.30097
HAT. HU 0.1(8(30.170990.172580.174950.17(9(0.179210.181320.239590.27(89 
FUNCTION VALUE IS* 384.3890800010 HATERIAL DENSITY*IS * 0.920000 
t
POLYETHYLENE RHO 0.92 ‘ C/CC C2H4 *
O.OOOOOOE
O.OOOOOOE
O.OOOOOOE
O.OOOOOOE
ooeeoo Table
CT numbers for 
Polyethylene.
Table CT numbers for 
Dextrose soltns.
ATONIC HUHBER9 ARE--
I.IIIIIIE
I.IIIIIIE
I.1IIII8E
I.II8II8E
8.1IIIIIE
I.IIIIIIE "I
I.18IIIIE 1 l.flllllE
 1 8.1IIIIIE
 t I.IIIIIIE
 1 I.1I88I8E
 1 I.1IIII8E
HASS FRACTIONS ARE .
0.832587E I I..IIIIIIE
8.IIIIIIE I I.8IB8I8E
I.IIIIIIE 8 I.8I8I8IE
I.IIIIIIE • I.IIIIIIE
I.IIIIIIE I I . I I I I I I E  
KILOVOLTS M l  141.11 131.11 121.11 111.11 111.11
EFF.EHERCY 81.11 74.71 71.31 €8.21.(3.11 62.81
I.IIIIIIE 
I.IIIIIIE 
I.IIIIIIE 
I.IIIIIIE 
1 I.IIIIIIE 
I.1I742(E I 
I I.IIIIIIE
• I.IIIIIIE 
I I.IIIIIIE 
I I.IIIIIIE
• I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE 
1 I.IIIIIIE 
1 I.IIIIIIE
1 I.IIIIIIE 
0.399868E -1 
• I.IIIIIIE 
I I.08I888E 
I i.ineiiE 
I I.IIIIIIE 
I I.IIIIIIE 
I.II 
39.31
I.II 
31.11
III
28.11
SCALE AIR 388.81 474.81 482.11 498.(1 311.11 518.31 511.11 511.11 3II.M 
LIHHUHATER •. 184231.188271.191141.194521.198311.282431.21(381.387(31.43177 
HEHIHUHBER 17.K 16.11 1(.2( 16.46 !(.(7 16.98 16.45 13.15 12.71
EHIHUHBER 17.16 1€.95 16.87 K.78 16.(7 16.56 16.45 13.15 12.71
HUH/RHO 1.183(51.187(41.198470.193808.197548.281391.205481.383481.42(78
HAT. HU 1.198520.194(60.197591.211850.204928.289130.213168.397820.44275
FUNCTION VALUE IS* f. 1193985018 HATERIAL OENSITY IS * 1.037411 
IP , -
OEXTROSE RHO 1.1374 C/CC.
ATONIC NUHBERS ARE----, v* I.IIIIIIE 1
I.8IIIIIE 
I.IIIIIIE 
I.IIIIIIE 
I.IIIIIIE 
I.18IIIIE 
HASS FRACTIONS ARE .
I.817I54E 
I.88II8IE 
8.88I080E 
I.I88I80E 
I.88888IE 
KILOVOLTS 
EFF.EHERCY 
SCALE AIR 
LIHHUHATER 
HEHIHUHBER 
EHIHUHBER 
HUH/RHO 
HAT. HU ‘
FUNCTION UALUE IS* 
IP
v I.IIIIIIE 1 >
1 I.IIIIIIE l I.IIIIIIE l I.IIIIIIE I
l I.IIIIIIE l I.IIIIIIE l I.IIIIIIE l
l I.IIIIIIE l I.IIIIIIE l I.IIIIIIE l
l I.IIIIIIE l I.IIIIIIE l I.IIIIIIE l
l I.18I888E l 8.188I88E l I.18880IE l
_ x . 8.182949E I 8.799967E -l
• I.IIIIIIE I 0.888888E 0 I.800008E •
I I.8I8888E I 0.88888IE I 0.080000E 8
0 I.0BI88IE I I.IIIIIIE I 0.800080E 8
1 8.0000I0E I I.IIIIIIE 8 0.000000E 8
8 0.000000E0 I.0I8088E 0 0.000000E 0
0.81 i4e.ee i3i.ee 121.11 ui.ii iee.ee i.ee o.oo 0.11
81.81 74.71 71.51 (8.21 (5.88 (2.80 59.58 38.88 28.11
500.80 474.81 482.11 498.(8 580.88 318.38 508.81 381.81 581.11
8.184238.188278.191148.194528.198318.282438.286380.387(31.43177 
35.(3 33.(2 33.97 34.38 34.82 33.29 34.36 27.49 2(.5(
, 35.(3 35.41 35.24 35.14 34.82 34.58 34.36 27.49 26.36
1.182741.18(671.109458.192741.196418.208481.214221.378(31.42183 
0.1973(0.211(10.214(11.2181(1.212121.21(430.2203(0.488940.43471 
  10.3497788181 HATERIAL OENSITY IS * 1.031180 I
OEXTROSE RHO 1.8811 C/CC.
Tablo
ATOMIC NUMBERS ARE-— * I.19IIIIE 2 2
I.IIIIIIE 1 I.IIIIIIE 1 I.IIIIIIE 1 I.IIIIIIE 1
I.IIIIIIE 1 I.IIIIIIE 1 I.IIIIIIE 1 I.IIIIIIE 1
I.IIIIIIE I I.IIIIIIE 1 I.IIIIIIE I I.IIIIIIE 1
I.IIIIIIE 1 I.IIIIIIE I I.IIIIIIE 2 I.IIIIIIE 1
I.IIIIIIE 1 I.IIIIIIE 1 I.IIIIIIE 1 I.IIIIIIE 1
HASS FRACTIONS ARE--- . I.117776E -2 I.381273E -2
I.I11338E I I.88367IE I I.IIIIIIE I I.IIIIIIE I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I
I.IIIIIIE I I.IIIIIIE I ' I.IIIIIIE I I.IIIIIIE I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I
KILOVOLTS *1.11 141.11 131.11 121.11 111.11 111.11 I II I II I II
EFF.EHERCY 8111 74.71 71.SI 68.21 65 11 <2.11 59 51 31.11 28.11 *
SCALE AIR 381.11 474.81 482.11 491.61 311.11 311.31 311.11 311.11 311.11
LIHHUHATER 1.184231.118271.191141.194321.198311.212431.216381.387631.43177 
HEHIHUHBER 37.16 41.84 47.31 34.14 61.86 71.68 76.31 286.41 313.39
EHIHUHBER 37.16 44.16 49.17.33.18 61.86 69.23 76.31 286.41 313.39
HUH/RHO l‘. 197911.2I4I41.219881.213931.222831.231441.237831.619611.71233
HAT. HU 1.197931.214161.219911.213931.222831.231471.237871.619671.71241
FUNCTION VALUE IS* 639.MMMIIII HATERIAL DENSITY IS • l.llllll 
IF *
KI 1.9% RHO l.llll C/CC RHOH 1.99123 C/CC.
un
Kl
ua [u□ wrl
SCALE AIR 311.11 474.81 482.11 491.61 311.11 311.31 311.11 311.11 311.11 
LIHHUHATER 1.184231.188271.191141.194321.198318.212431.2I6381.367631.43177 
HEHIHUHBER 76.11 83.41 96.48 111.11 125.92 143.76 133.13 379.71 634.22
EHIHUHBER 76.11 89.94 111.18 112.21 123.92 141.86 133.13 579.71 634.22
HUH/RHO 1 .211441.221311.228338.237281.247311.238471.269381.833881.97373
HAT. HU 1.212241.22214I.2294II.238181.248231.239461.27I4II.837141.97946
FUNCTION VALUE IS*2I46.I82IIIIIII HATERIAL DENSITY IS « 1.113811 
IP
XI M S  RHO 1.1138 C/CC RHOH'1.99123 C/CC.
ATONIC NUMBERS ARE— * I19IIIIE 2 I.33IIIIE 2
1 I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE
I.471922E -2
I.IIIIIIE 1 I.IIIIIIE
I.IIIIIIE 1 I.IIIIIIE
I.IIIIIIE 1 I.IIIIIIE
I.IIIIIIE 1 I.IIIIIIE
I.IIIIIIE 1 I.IIIIIIE
HASS FRACTIONS ARE .
I.1I9634E I I.87I3I6E I I.IIIIIIE
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE
I.IIIIIIE .1 I.IIIIIIE I I.IIIIIIE
I.IIIIIIE 8 I.IIIIIIE I I.IIIIIIE
KILOVOLTS II I 141.11 131.11 121.11 111.11 111.11
EFF.EHERCY 81.81 74.71 71.31 68.21 65.11 62.11
1 I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE
2 I.IIIIIIE
1 I.IIIIIIE
I.133194E >1 
I I.IIIIIIE
I I.IIIIIIE
I I.IIIIIIE
I I.IIIIIIE
I I.IIIIIIE
I.II 
39.31
i
i
i
i
i
I
i
i
i
I
Ill
31.11
III
28.11
SCALE AIR 311.11 474.81 482.11 491.61 311.81 511.31 311.11 311.II 311.II 
LIHHUHATER 1.184238.188271.191141.194321.198311.212431.2K381.397631.43177 
HEHIHUHBER 133.73 172.61 194.86i222.27 234.19 289.98 312.81U66.4ll276.il 
EHIHUHBER 133.73 181.77 212.14*226.33 234.19 284.12 312.8U166.4ll276.il
HUH/RHO 1.23819I.233I3I.26541I.27949I.293731.313911.331741.277431.31631
HAT. HU 1.241191.296721.1(1421.282631.299191.317461.333491.291111.33366
FUNCTION VALUE ISMUIM.IMIIIII HATERIAL OEHSITY IS » 1.111311 
JF
K! 2.11 RHO 1.11131 C/CC RHOH 1.99123 C/CC.
CT numbers for 
Potassium Iodide, 
solutions.
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ATONIC NUNIERS ARE , ftCIIIIIE 1 I.9IIIME
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1
I.IIIIIIE M  
I.IIIIIIE It 
I.IIIIIIE 1 
I.IIIIIIE I 
I.IIIIIIE 1
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1
I.759815E
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE I 
I.IIIIIIE 2
I.IIIIIIE I 
I.IIIIIIE I 
I.IIIIIIE I 
I.IIIIIIE I 
I.IIIIIIE I
NASS FRACTIONS ARE . I.24I1I3E I 3S 9  I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE 
I.IIIIIIE I I.IIIIIIE I •.••HUE I I.IIIIIIE 
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE 
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE 
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE 
KILOVOLTS 141.11 131.11 121.11 111.11 111.11 91.11 I I I  I I I  III
EFF.EHERCY 81.11 73.11 72.11 (8.11 63.81 62.11 39.31 31.11 28.11
SCALE AIR 474.81 482.11 491.61 911.11 311.31 311.11 388.II 311.11 311.11
LIHHUHATER 1.184231.188121.191671.194741.198311.212438.216381.387631.43177 
HEHIHUHBER 438.39 449.19 4(1.29 474.11 488.43 483.81 488.84 649.63 671.(6 
EHIHUHBER 461.63 469.97 469.11 474.11 471.97 483.81 418.14 649.63 (71.66
HUH/RHO 1.164141.161171.171191.173631.179691.184411.186961.412621.4(142
HAT .HU 1 .334341.3(3231.369331.379411.388121.398311.411131.891271. II179
FUNCTION VALUE 18*8677.19(1111111 HATERIAL OENStTY 18 * 2.16III1 
)P
' TEFLON RHO 2.1.6 C/CC C2F4 „
ATONIC NUNIERS ARE—  *
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1 
I.IIIIIIE 1
HASS FRACTIONS ARE . * I.136483E I I.863S17E I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I .
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I
I.IIIIIIE I I.IIIIIIE I I.IIIIIIE I I.IIIIIIE 8
KILOVOLTS 141.18 131.81 121.11 111.11 111.11 98.81 I.II I.II M l
EFF.EHERCY 88.11 75.11 72.11 68.11 63.81 62.11 39.58 31.81 28.11
SCALE AIR 474.81 482.11 491.61 581.18 511.31 511.11 511.11 311.II 311.11
LIHHUHATER 1.184238.188121.191671.194741.198311.212438.206388.387631.43177 
HEHIHUHBER 393.47 414.39 415.61 429.72 444.18 441.63 447.81 643.48 671.23 
EHIHUHBER 414.35 419.69 423.37 429:72 433.21 441.63 447.81 643.48 671.23
HUH/RHO 1.164341.1(8711.171811.17(641.181941.1839(1.191831.432431.49293 
HAT. HU 1.336911.3458SI.3S2I9I.3621 II.378931.381231.391211.88(481.11153
FUNCTION VALUE IS*76I7.697IIIIIII HATERIAL OENSITY IS * 2.I3III1 
IP ■ . .
PTFE RHO 2.13 C/CC CF4
•.(••••IE 1 I.9IIIIIE 1 
I.IIIIIIE 1 I.IIIIIIE I
I.IIIIIIE 1 I.IIIIIIE 1
I.IIIIIIE 1 I.IIIIIIE 1
I.IIIIIIE 1 I.IIIIIIE 1
 I.IIIIIIE 1 I.IIIIIIE 2
I.863S17E
IIIIIIE
I. IIIE
IIIIIIE
I. IIIE
I.I IIIIE
ATONIC NUMBERS ARE— » 8.6I8I8BE 1
0.2I8BB8E 2 8.138IB8E 2 I.8BBB8IE
I.llllOIE 1 I.IIIIIIE 1 I.IIIIIIE
I.IIIIIIE 1 I.IIIIIIE 1 I.IIIIIIE
I.IIIIIIE 
i.ieeeiiE
I.IIIIIIE
I.IIIIIIE
I.IIIIIIE 1 
1 I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE
1 I.IIIIIIE
B.9629B8E -1 
8 I.IIIIIIE
8 I.IIIIIIE
 1 i.house i misuse i i.hioiie i I
HASS FRACTIONS ARE . 8.573718E 8 I 8 1
8.127928E 0 8.6591B1E >1 8.136178E 8 I.IIIIIIE 8
-I.IIIIIIE 8 8.SUISSE 8 8.8068B8E 8 I.IIIIIIE 0
0.888888E 8 I.806866E 8 B.BBBBISE 0 8.000000E 8
e.eseeeiE e e.eeeessE 8 e.esssssE 0 0 .000000E e
0.080000E 0 0.000600E 0 0.000000E 0 0.000600E 0
KILOVOLTS 140.00 130.00 120.00 110.00 100.00 90.00 0.00 0.00 0.00
EFF.ENERGY 80.00 75.00 72.80 68.00 65.00 62.00 59.50 30.00 28.00
SCALE AIR 474.80 482.00 490.60 500.00 310.30 510.00 500.00 500.80 500.08
, LIHHUHATER 0.184230.188020.198670.194740.198310.202430.206380.387631.43177 
HEHINUHBER 362.86 387.47 408.34 438.49 467.74 481.30 303.351189.821282.62 
- EHIHUHBER 382.12 401.94 416.16 438.49 458.30 481.30 513.351189.821282.62
HUH/RHO 1.208330.217421.223930.234311.243640.254670.263470.839778.98(78
HAT .HU. 0.323031.339171.349360.363530.380090.397291.414131.310141.33937
FUNCTION VALUE 18*113806.34010000 HATERIAL OENSITY IS • 1.360001 
]P
BONE EQUIVALENT HATERIAL RHO 1.36 C/CC OIFF 75.63 EU (140/110)
AI°2i£.222BE?8 a h — , s I.60BIIIE1
!'?!!!!!£ 2 0 1 5 M M E  2 I.800800E . . . . . . . . . .   .
• gJSJSI 1 ••JM888E t I.ieeeiiE 1 i.ieeoeec. 1
• SSSSSi I.100800E i i.meeiE l 0.10I000E i
MS!!!!! \ i.iiiiiiE i I.108000E i I.IIIIIIE i
-2;Je22!S!.«L _£118I888E 1 0.100000E 1 I.IIIIIIE 1
HASS FRACTIONS ARC 0.373710E 0 ‘ 0.9629B0E -1
0.127920E 0 0.6S9101E >1 0.136170E 0 I.IIIIIIE 0
0.000000E 0 0.000I00E 0 I.HIOIIE 0 0.000000E 0
0.000000E 0 0.000000E 0 8.00B000E 0 0.000000E 0
0.000000E 0 0.080800E 0 0.000000E 0 0.000000E 0
0.000080E 0 0.000I80E 0 0.08008BE 8 . I.800000E 0
KILOVOLTS 140.00 131.11 121.18 111.10 100.00 90.00 0.01 0 08 | «|
EFF.EHERCY 80.00 73.10 72.11 68.80 63.00 62.00 39 30 30.00 28.01
SCALE AIR 474.81 482.11 491.61 301.00 310.30 510.10 300.00 300.00 300 01
LIHHUHATER 0.184230.188120.198(70.194741.198310.202430.206380.387630 43177 
HEHINUHBER 3(8.23*393.05 414.11 444:30 474.01 487.59 309.781200 651294 14 
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3-5 The change in the CT number with, energy'and.with variation in the
mass fractions of constituent elements in liver tissue and bone.
The CT number is defined,in the true form, by the equation
t(e ) = ^  ~^w(Ew)- 500 3 .5.1
w u (E )/ w w
Therefore for air the CT number should be -500EU. This only applies at a 
single operating kilovoltage for a given field size on a scanner. At any other 
kilovoltage the scale factor is not 500 EU. The variation is due to spectral
effects in the scan field and these are discussed later.
In the study described in this section the scale factor is assumed to 
be 500 and the empirical function, described in Appendix 3» in combination with 
the mixture rule and the International Union of Pure and Appd. Chem.(Hubbell 1969 
atomic weights list was used to determine the theoretical CT numbers at 
several monochromatic energies. The elemental constituents were taken from 
corrected ICRP Reference Man lists, sections 2.5 and 2.6, and the approximate 
material densities were taken from the same document and from Phelps and RaO & 
Gregg in vitro data. The density of liver tissue was taken as 1.0695 g/cc 
as this value gave good agreement with liver fat mass fraction and density 
when eleven fatty liver patients were scanned. Normal variation in liver 
density is probably due to varying fat content.
Twenty —two elements were taken to represent the tissue composition, 
although some tissue such as liver contains more, because this was judged to 
be an optimum number as regards computer time and calculation accuracy. This 
list allowed any of the twenty two elements to be varied so that the effect
of such a variation could be determined. The CT numbers were calculated for nine
energies in the range 28 - 80 keV and the spectral scale correction factors 
for the 520mm field were used to convert the.true CT numbers,(EMINo. S=500 EU), 
to the modified form (MEMINo,. S/ 500 EU ) . These and the mass attenuation 
coexficients and the linear attenuation coefficients are also given in tables 
5.5.1 /2/3/b. These tables illustrate variations in liver composition^. 5 .1/2/3) 
and bone (3-5.^) as these have been the subject of detailed research. Any body 
tissue, fluid or skeletal compound can be examined quickly using the available 
codes on the E-II/DG ECLIPSE computer, which includes a two parameter 
minimisation code for analysis work.
The efxect 02 increasing the liver iron was studied and the normal and 
increased values (approx. x10,x100) are given in Table 3.5.1. The effect of 
ln?fiasinS.“ d decr^_ing_the hydrogen and oxygen masg_ fractionsl^ seperate 
elements is given in Table 3.5.2. The effect of increasing and decreasing 
the hydrogen and oxygen mass fractions .together is given in Tablets.3.
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Table 3« 5.2 The variation in the theoretical CT number for liver tissue 
with energy for increased and decreased mass fractions of 
hydrogen and oxygen.
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The variation in hydrogen and oxygen were studied 
seperately to determine the magnitude of the error in the theoretical CT 
number if the mass fractions of these elements were in error.
The study of bone CT numbers was made using normal marrow (75% red +
25% yellow), and changing the mass fractions of calcium and phosphorus 
together or of calcium alone. For speed of computer program minimisation 
the calcium and phosphorus were taken as a single calcium equivalent mass 
fraction. Table 3.5*5 shows the calculated equivalence for trabecular bone.
This allowed minimisation methods to be more rapid when CT number differentials 
were measured in trabecular bone, therefore the material density and an 
* equivalent calcium * fraction were determined and related to the bone 
mineral mass fraction.
The results for normal marrow (p  =1.0175 g/cc ) are given in Table 2.6.1.
The effect of increasing the physical density of trabecular bone is given in 
Table 3-5.^ and the effect of changing the calcium and phosphorus mass 
fractions is given in Table 3«5*5«
In conclusion it can be shown that a linear relationship exists between the 
calculated CT number and the change in the mass fraction of a single element 
or single compound, such as bone mineral, in a biological material. Separation 
of the effects of the physical density and the mass fractions of the variable 
elements is theoretically a simple problem.
The difference between the CT numbers measured for a material is related 
directly to the specific elemental constituents and their mass fractions. The 
value of the CT number is a function of material density as well as the 
constituents. The expected differentials and CT numbers can be studied 
theoretically for many biological materials of varying composition and density. 
Additional elemental composition lists are given elsewhere in this thesis.
Table 3*5*3 The variation in the theoretical CT number for liver tissue 
with energy for increased and decreased mass fractions of 
hydrogen and oxygen together.
•to»:c wins »i(— .I 2IMIIC 2 I (HIIIE
1 : m m  1 1• *:»»»« 2 1 hhiie1 dome 2 1 hiiueI SIIKK 2 I 4IMIIE
mss ntcrims «••••,
1 tissue -4 1 i«n<nI Il'MIE II 44|*J5£ -J
f -2I 4«rt«E -4
I J3IIIIE 2
1 I KIIIIE
2 I 12IIIIE
2 I IIIIIIE
I KIIIIE 
t 3JIIIIE
I 4IM,,C 2
I 2341I2E -J
I i?2))K -J 
t 2?3?2(E -t 
I )73K2£ -J 
I EMMIE -5
I 2JIIIIE 2
I 42IIIIE 2
I KIIIIE 2
2 I 3IIIIIE 2
2 I HUME 2
I 2l(25(E *3
I (4«7(IE -3 
l.)731(7E H  
I 2341I2E -2 
I 3I3333E *( 
I H3I3IE -<
I 1)4(32E -2 
« 1(?5)IE -3 
I 7SJE32E I 
I 2I1I4EE *2
I IE3I44E -(
ClCv&TS 14| M 131 N 121 N 112 II 111 II 117 4| U4 II 111 || [|| ||
CM EOfr 74 7| 7i 31 (I 21 E3 II 13 II 14 21 <3 II (2 II (4 J|
$C*U HI 472 21 47} 7| 411 II 4)3 7| <S 51 511 II 313 71 31? )t 4*4 II
UtfUMTO I 1II2?I Dliil 1M52I 1)7}(| i)|3i| t))33l 2IH3I 212431 1)4” 
32 211 32 l?l 33 343 34 155 34 233 34 313 34 It* 33 143 34 432
E»:kt*£I 34 111 34 2(1 34 3(1 34 4)1 34 4 7 4 3 4 3 1 3 3 4 3 3 1 34 3 4| 34 «*•
n* !■« I llin 1M)7| 1M3II 1)7451 DI21I 1))2(I 211771 2I23'I H*-* 
M7 »a I 211141 214241 2I7IM 211171 2ll))l 213111 214731 21(441 2i’): 
rv»CT3®« MCrt II* 11 2MI2IMM MUUn. |(*HTY IS • l H)3M I?CI I
Liver hydrogen and oxygen 1.8% increase
I IIIIIIE 
I 51IIIIE 
I KIIIIE 
I 3IIIME
I KIIIIE 
I 7IIIIIE 
I IIIIIIE 
I 4IIIHE
oToric NtiniEtS ME— .
I 2IIIIIE 2 I (HIIIE1 
2 2 2
MSS FMCTIWS ME 
I.57D22E -4 I.K3217E
I 1I2)4(E I 
I 327438E -5 
I 2I5H1E -2 
I 341 IKE -4
I 4IIIIIE 2I 33IIIIE 2
1 I 17MIIE
2 I KIIIIE
1 I IIIIIIE
2 I KIIIIE
2 I 33IIIIE
I 2)I(()E *3 I.2341I3E -5
I t 22I7S3E *2 I.7E2333E -5
1.1)())3E -3 
I (K3KE «
I 33I43EE *2 
I 1IK7EE *3
lILmiTS 14I H 131 II 121 II 112 II HI II II? 41 114 II 111 II Hi «
EM ElEICY 74 71 71 31 (1 21 (5 (1 (3 II (4 21 (3 11 (2 H *4 71
SC4LE *11 472 21 47) 71 4CI II 4)3 71 4H 31 311 II 313 ?l 31? M 4*J H
LlMtMTEI I 111271 1)1141 1)4321 1)73(1 1)1311 1)3351 211331 212471 :?‘22 
KEMmiEI 31 71) 31.3)3 32 117 32.721 32. Ill 33 183 33 3)7 33 ’4) 33 »:■
EKIWKIE! 32 (II 32 722 32 li) 33 114 33 131 33 113 33 132 33 224 77 I'!
W 'm  I 117321 IM42I 1)3141 1)011 l)7(|| l)|73l 211231 2IH3I .Mil
MT *u I 212331 213(51 217311 21101 211421 212341 214171 213111 21-41
EU*CTie< V4UC II* ) 33(2711111 MTIIUI. IENIITY IS • 1 10311
STOI
I.2I3341E -3 
I 324II3E -1 
I.114334E -2 
I 7|33(3E *5
I 2IIIIIE 2 
I 42IIIIE 2
I IIIIIIE 2 
I 3IIU8E 2 
I 33II8IE 2
I.114384E -3 
l.238((M -2 
I 3(934(E -( 
I.2K972E -(
Liver hydrogen and oxygen 2.1% decrease
-3-
i a 
. •
tA
0
rH
, Q
VS
EM
tu oo> O
0 •
tO x~ afrt
44 P $
Ctf C3 G
tQ 0 E
Ah £ PS
0 o •H
,Q ,o O
E rH
2 h itfCJ O
H
ro Jh
b o O
0 'H
0 ,Q •
.TO aS • CA
P Pi o f<A
-P o
ro v,. -J -
•H 5i too
O NA . 9
0 V O
to *Jj (0 r- 6m 0 O
rj •rM P •rM
O to ro -P
P< o
0 0 TJ ro
S i Cl u
EM 0 ro
u UJ
S>
a
f p
TO
E
o
0
to
ro ro
o u ro
. ro o
0 Xi
i— i P m  m j
ro 10 • H
> o |5
• H
ro P h
CTO 4-4
0 •rf •rM
(3) §
to
ro
-TO 0
E M a 'xi
ro
• H 'xi
• O ro
IfA
l A o
ro
to
* ro
N A 1— 1 o
ro •rM
0 ro 4->
H 0 O
ro ro
ro •rM ro
E M E « p
ro t o •rt P ro
ro • H to •
S
ro •
Xi ro p 0 0
ro 0 ro O 44 t o
o to 'xi ro • H 44 ro
•rM • H o ro ro
44 0 s • H ro
O E xi ro ro to
ro ro p t o (0
ro • H r H •rM •ro t o
flM o
H
•TO
ro %
to
ro
E ro
0
to ro ro s • H 'xi ro
ro * o to ro 0
ro
E
A > s to ro
- p 4-> ro :>» • H 0
B
•rM ro • H Pi ro Xi
CO 0 O 0 0 ro p
ro ro H > >4 0
• H 0) ro
ro
0 ro r o
o
%
rxi
H
•>■
•rM
ro
o
0
rTO
P
• H
H
o
< H
o ro a < ro x> to 0 to
o 0 ro to rTO P
+ J •rM p 'xi 0 P ro
ro to 0 o H 0
0 >1 vTO 0 o 0 ro • H
H xi E M Xi ro xi • H O
ro P h P 'xi p • H
>  * • • '■ 0 ro ro tfM
•rM 0 0 ro Pi 0 o *1 1
ro ro 44 ro t> ro 0
a 4 o o X to 0 ro O
0 Xi 55 p • H 55 0 o
M M
TV' J - T ^  * 8 . . S 5&uiiiiUiiuSRSS^ i^oioJ •
••••• I xiacmix . M m N M *
^ N N N N N ^ I ^ ^ n K ^  
yiiiiyiiuiii iai ii i*j iii t*jmmmmm mmtvmm• V)«N»N
• •••• I MKinNM . AVDV*romvp
M • • CO 10*4
N N K N M  I
N • •»•>•
( V W M N M
« « 5 « = 5 8
C O C N h M H N
(BSON •
« C 9 t*)<A«6V)IAO ro co • cm oj • • m 
mmnojn y y <Jin oo »a> c»a»r*>
uiuiujuiui uiuiuiuiuiSSSio^^roN^ ooooa> «r«ov)Noj • • oicxbnio mmmmm toN^aio»oO(«M«4«4N(M nN 990(Dfl9<MDO«40>f4 40 CD • •< d o « o<9 i m o  cdcdc/>
e|p4^ «4tO
•  • •• • • so......... . «Nir>>*
oo909d>«4oa»ooo • • • cd m m *>« *r»—m m OM<D<M<D9MOJMm Ot 0>M)0 • • </>
w  ♦ •  * m o  o o zCO 4* MlT)N^r<DUJ• M M M M M  •V'r M r w ^ o o o r c o o o m o  o  o  i i i i i ooroco • • m co
4*14*14*14*11*1 UlUlUIUJUIOind&oSMMOO O O O O  OOtOMf*>OM>M ««4«4 • - Mo o o o . o  o m n o i d m  m o  o o «  
MoooooNomomo * «r^^m<hui
mon^moooc1 • >v)M<s • • •oi^ ooomc .
O O O O O  I N M M m r ^ O O O N O O O M HchMmoo* ^ i o o o o f )m «
uiMMMio^ ruiMMCM^ rM di^o mo  • • • • • **>....... O C O O m 9>0> M MO O O O O O O k O O O O O M t C O  • • •0  *© »< m o  o o om <h . N I O N O O O^  O O O O O N N O Oin coido • lomo
• M M - M M  ‘o o o m m  . »j o o m o m om CO I I I OMO«4 9tO*«MO
M ot « • m4*11*14*14*14*1 UJUIiUUlUjM ^  co O O O
o o o o o  m M M m o  m o n o k v >o o o o o  o c h o m o D o o o o c o m m o• o o o o o  ^ M o r o N N o o o c o  • < m M  .1 o o o o o  i «HorooM> • • ‘o m o o M ^• o m o m o  I m M m m o o m M M O O M M m  I o o o m m  i « m m M M f * ) N O  • •
u d o d d o i A J o d d o d *4 ^ m o m S S i  ol tt o o o M M f o m r o oc o  : . ' o o o ^ r  » ••c m
•00001*4 m  O '  oo«o*4oo»«MiijO M M M M M Z * 4^ *4r«)mcON . . ,g4*1 ‘ O'l I I I I M  c o  o o j
KUJUJ(UliJUJHIlJUIUIUUJO> O O  5O O O O O O U O O M O O H O t t l U I I I O t  Z O O O O O O C M O M M « J O M H C B b J  * 
O O O O O t t O O M O O O U J C C B O O O O  U C C O < D O U . m H N «4M D Z  33 E X E N  M O O O O f O  O O C O O O U I U l D X S t t  k>
E M M N m M O O M M O m j  . J c S x s  .Oo  • » • • •  ........M l k C X f e M E K ZH O O O O O O O  co co m m UU U  M  UJ c o c a  •
*  *• ■■ .. ' .,v .. .WM^Khl^KlLOi
0 0 0 * 4  • * 0 0• • •oomco o o o c o o m m
" R - — - -  i
•  • • n • ■ •«• *
•  • • n w w a n a  <*
• • n n n n  • ♦ N N t t  w R a " " a a 2 2I I I I O O N N M W *  *a* •  aa ro a  a  aa a  • a.
uiuibiuu uiuiuiuiwamaw • •»»>•* •••••• nnaaa • • •■ ••••_ WN<->nN«OI*<MNNN(M ■ N H « a a n « N N M M  mo» • • • «mmmmm i N w m i s n  m  •  . • • «  o•  m ^ n n  • x rgN<r n n a a ^ M
W M < r M N « u i H W M M M a a a « M N w a ^  _ •......to.........aiiN • -Na>- ma a a a a a a a a a a a  • • . a N N M N ^  <a•  eo a N f N W W N N H  Nm r>- a«voS • • -a 510 • • vo . n a  a  a  *  am vo m o i n m o u i  r>■n n n n n  ■ v a n N a a a a n N a M a o  a*
•  a  1 1 1 I 1 a a n a  • ■N n  . •• . .mnnaiMJ a
. . .a>vMaMK
m  •" *m - 1 a a a a  • > v N a
.mnmnn <aaann • • <aaNa»va a  a  1 1 • a a i a M n n M w a
ui ui ui to tu uiuiwuiuiMN vra! a  a  aa  a  a  a  a  a a a N M   _ i M « n « N »
a at a a a N n a v N aa  a  a  a  00 a  • •ear***
S N M -iNN S -  a  - roa>5 S  Z RB~"84*1 o 1 1 I 1 j *4 m m  m m - *
K  UJ 1*1 11 UI UI H» lAi UI UJ Ul 4*1 CO >• CK O  §oooooopmmmNmHiiOiiiiiidt ,r sooooocBOomNmaJotMHoui * ••00#«MNMm«C0UJC;«B009S
N IS. NON C D O O N N N M O  0 0 0 * 4  • • N  4T
ooocccm oM O  M M  • •
• mo 00
* rooono
oooM>roi«>*4<h O O O N  :* ‘M W O  
. . .qoNNMOO
ooomMMmmo 
mo «MM • *oM M M M M  m C M N O  lo CD O O OI t • I I 00 000*400
^o<sonNN*4<n • 
ui 1*11*11*11*1 uiuJbiuitiJomoM) • * w o*4o o o o o  c o m N M  • - o m r o M cO O O O O  < C N C O O O O O M O O M M N
mooooooidomom mo • • • •-
cdoooo 1 Mmooct in o ooo0 * 4 a 4 M N  9)a4<M*4rO r O O O M O MW * 4 C * 4 M C l U m * 4 * 4 M * 4 0 0 0 C * 4 * 4 * 4 C .....   • • • • * O O O M  • ‘N OD C C O O C « 4 C C C O f l )  • CD <T> Gi *4 f*> Ho  m  o m o m n n m m m
m o> ooo  • • • com  c  m o  o o zCO K0 *4*40C*4UJ• M M M M M  •OC«4N C O O O m 0>r*>OOO m m  i • i i • oomoo • -on• • •«>mc*4M j4*11*11*14*1 UI 4*1 UI 4*1 4*1 U J O m O O N N M M C CO O O O O  O O O M f O O O M  • • '*4
ooooo oMNom*4 mo ooo
MoooooNomotroo cccmoi*iO O O O O  I N m * 4 m N O O O N M M O * 4 » *  
oniooo momcmoooc * >iomoMJM*4*4mc4tl*4MMC*4 • • > ( h O O O M C .....   . . .  * > 0 « 0 * 4 N N M M0 0 0 0 0 0 0 0 0 0 0 0 * 4 0 0o  vo *4 m o  o o o
cp co N m o o o o
to *4 • . oootommNtoom  *4 • O O O O  • *91100• *«M*4MM 'ooomm • • •ocmvtMO O  . O  I II O M O * 4 l O O * 4 M O
o m N t
4M *ooom 9t o «4p. O v  --  —M N 9 t  • . *9)4*14*14*14*14*1 4*14*14*14*1 4*1 *4 «*- CD • O O f Oo o o o o  r o M w m o  M N r o o N oo o o o o  o 9) o m o o o o o r > M > 9tmv
OOOBOB a*400mMNOOOO • *m*4 •*4 9)cam
9ioro mvo9tmto
a CO|4)MN OOrtoorooo • • ♦ < __ ___ . i M m m o o m M *
i ooomm i cmm*4**mNO
SO O O O O  I *4 0010 0  0 •O OM 9)* 4 t
omomo • mMm m 4ic<c«4--------
> ro m  co 4*. 9)j
o o o M m m m N m  
ooooo- • *om»-4 • * *omo9to
tf M M *4M M Z * 4C *4m m c O No o c M m m * t M 4 . . _ on » . *:I I I c o  o o .
DC 4*14*11*14*1 4*1 ^4*1 4*1 4*1 4*1 4*i cm >- OC tt O  3? O O O O O U O O M O O H O t t l * J b l t t  aXOOOOOOCMVO*4CVIalD<»-iHffiUJ X  OO O O O O K 9 t O M O 0 ) O 4 * I C C C O O 9 O  4*1U O O O O < D U . r * ) M N * 4 * 4 D X  a O C X E M  CDMOOOOm <OOC9)mOW4AJOXO« N «
CMMNa-tMOCMMO*4  ^ *^KMXS *U K
3 .6 The transmitted spectrum in the reference paths and through the water 
' calibration phantoms for an EMI CT5005 scanner.
It is necessary to study the spectral change that occurs for 100,
120 and 1^ 40 KVp operation for each field size across the length of the 
aluminium correcting wedges and reference path as well as through the 
calibration phantoms.
As part of the total study the exit spectrum from the aluminium reference' 
paths were calculated. The path lengths for the 2^0, 320 and AOOmm scan fields 
are 8.3 0, 10.80 and 13.50 cm of aluminium respectively.
The wedges and calibration phantom schematic arrangement is given in 
Figure 3.6*1* The reference path aluminium and wedge thickness is machined to 
t 0 .25mm, therefore error in the reference path is not greater than ~ 0 .5mm.
The listed density of pure aluminium is 2.6$)^ - g/cc but to study the change in 
exit integrated flux and spectrum mean energy the density was reduced to 2.580,
2.550 and 2.500 g/cc for the 8.30cm reference path at 100 and 120 KVp. The
effect of reducing the path to 8.20cm was studied too at a constant density 
of 2.69^ g/cc for the 100 KVp spectrum. The study was made as EMI could not
guarantee consistant wedge parameters on each machine and the change in mean
spectrum energy due to wedge density and path length variation required 
quantification in order to estimate the magnitude of error.
The full results of this study are given in Table 3*6.1. The integrated 
exit flux mean spectrum energy and spectral fluence effective energy are 
listed. Two computed aluminium ray path exit spectra are illustrated in 
Figure 3* 6.2.
1
Table 3*6.2 gives the results of the study of spectral change through 
the aluminium wedges, the perspex and water of each calibration phantom for 
100,120 and 1^0 KVp spectra. The equivalent or effective energy (E^ ) was 
determined for each specific path and material as if the total photon loss 
occurred at that energy.
Table 3*6.3 gives the result of a study for ray paths not on the 
scan field centre line but at a point where the wedge aluminium thickness 
- is 2.0cm. At this point the perspex thickness is 1.0cm and the*water path 
length m  the phantom is 29.0 cm for the ^OOmm phantom. This point was chosen 
as it corresponded to the outer edge of the 320mm phantom. A knowledge of the 
•exit mean spectrum energy at this point was needed as the 320mm phantom was 
to be scanned in the 400mm field..
The exit spectrum for a 100KVp source at the exit from the detector 
wedge at the entrance to the first perspex section along the ray path 
on the phantom centre line, at the exit from the ^OOmm water path, at the exit 
from the second perspex section and at the exit from the aluminium detector 
wedge are illustrated in Figure 3*6.3- The effect of the second perspex path 
or section and detector wedge along the centre line is apparently not 
significant and Table 3.5.2 shows this to be true as the spectral mean 
energy changes from 68.^ f2KeV to 68.75KeV to 68.96KeV respectively.
Nevertheless the spectral change through the first perspex section at 100KVp 
is from 51.82 to 52.32KeV and Figure 3*6.^ illustrates the spectral change 
through the first perspex section, the difference between the normalised 
photon fluxes plotted is clear. Finally, Figure 3*.°*5 illustrates the 
amount of spectral shift that occurs for the 120 KVp spectrum when the ray 
path is through the head along a scan field centre line and off centre 
It can be seen that spectral hardening is significant. Table 3.6 .^ + gives 
the results of the spectral study and it is shown that the mean energy changes 
from 73.83 to 79.27 keV for centre line and off centre ray paths.
The amount of spectral change that occurs laterally across the calibration 
phantoms is considerable. For example, the mean photon spectrum energies at 
the detectors for the 400mm phantom at 120 KVp are 78.10 keV and 83-79 keV at 
the phantom centre line and at a point off centre, where the wedge thickness 
is 2.0 cm, respectively. If the perspex in the wall of the phantom 
is removed from the ray path along the centre line the mean energy falls to 
77*80KeV. Then if the water ray path length is reduced to 32cm the mean energy 
falls to 75-37KeV and for 2zfcm the mean energy is 72.59KeV. Consequently 
when an elliptical shaped object or similar shape is placed within the scan 
field the shorter ray paths through the outer edges of the body include the 
thicker sections of the wedges and the longer ray paths in a traverse only 
contain the minimum amount of aluminium. Therefore the detector outputs 
will be adjusted due to the wedge correction to give outputs which are 
acceptable for image reconstruction. This action -is limited and for too 
small objects or too short ray paths the lack of water or tissue in the scan 
cannot be compensated for by the wedges alone. This v/ill result in errors in 
CT numbers and in the reconstructed image. The amount of compensation will 
also vary from patient to patient and will be a function of shape,size 
and anatomy. Consequently the derived CT numbers will vary for identical 
tissue from patient to patient due to spectral change.
The effect of spectral change can be minimised by 
controlling the detector outputs using a correction factor for each ray path 
which is related to the patient’s size, shape and anatomy. The C T 5 0 0 5  
scanner operates on the detector outputs in such a way to compensate for 
spectral change. The compensation applies for a specific scan field size 
and is optimised for a particular patient size in each field and for a 
specific operating kilovoltage.
Figure 3 . 6 . 1  Operational Cross Section of Wedge System. 
Io Io lo
Source
flux
Water
reference
path
I Ray 
I path
Aluminium wedge (source)
Perspex wall of phantom
Water in calibrating phantom
nx
Element or pixel width
Aluminium wedge (detector)
]w(Ew)
PM PM Scan field detector
Water
reference o/p
-►Source
flux standard o/p
Table 3*6.1 The change in spectral parameters v/ith variation in density 
and ray path length for the aluminium reference paths.
( 240mm = .8.30 cm, 320mm = 10.80cm, 400mm = 13.50cm. )
Density
3/cc_
Ray
Path
Length
KVP Phisum
TLh
Phimsum
Mean
Energy
E/ keV
Actual 
Ratio- 
Fluxes
Ratio
Fluxes
Rjz5
Equivalent
Energy.
E/ keV
2.6940
IY>IV\
8.30 100 9.9955E4 2.0101E2 74.71 497.27 443.63 61
2.694 8.30 120 9-99493E4 3-.6871E2 85.04 269-84 . 251.93 66
2.69zt 8.30 140 8.158IEA .5.2015E2 9zf.17 156.84 152.98 72
2.694 10.80 100 9.9955Ezi 4.4972E1 77.30 2222.57 2018.17 63
2.694 10.80 120 9-99493E4 9.5022E1 88.46 1047.04 938.16 69
2.694 10.80 i4o 8.158IEA 1.zf560E2 98.32 560.85 ■ 538.89 75
2.694 13-50 100 9.9955Ezf, 9.4550EO 79-53 10571.7 9474.5 65
2.694 . 13.50 120 2.3161E1 91.32 4295-75 4022.98 71
2.694 13.50 i4o 8.1581E4 3.8590E1 10.1.75 2114.02 1969.29 78
2.69^ 8.20 100 9.9955E4 2.1370E1 "74.59 467-73* 412.22 61
2.58 8.30 2.4938.E2 74.30 400.82 390.13 60
2.55 8.30 2.6ZK)0E2 7zi-. 19 378.61. 363.99 60
2.50 8.30 9.9955Ezf 2.9038E2 74.00 344.22 .324.24 60
2.58 13.50 1.3098E1 79.11 7631.45 '7588.73 64
2.38 10.80 • 5.8874E1 76.87 1697.78 1697.52 62
2.58 8.30 120 . 4.4830E2 84.49 221.93 219.48 65
2.55 8.30 9.:9zf93Ezf 4.7207E2 8^.3^ 210.76 206.14 65
2.58 10.80 1.2126E2 87.89 820.51 780.68 68
2.58 13.50 3.1110E1 90.77 3198.11 3189.14 70
0 0 100 9-9955E4 - 50.44 - - -
0 0 120 9.9949E4 - 56.48 - - -
0 0 '1'toB 8.1581E4 - 67.48 - - -
0 0 140 9.7899E4 - 60.74 - — -
loObiV lootev
itw.v
Figure 3*6.2
Illustration of the change in the ray path exit spectrum 
with variation in the aluminium path length and density.
a) 100 KVp ,density = 2.694 g/cc, path length = 8.20 cm.
b) 100 KVp , density = 2.500 g/cc, path length = 8.30 cm.
Table 5-6.2
Centre Line Integrated Photon Flux at Calibration Phantom Interfaces 
Mean Energy of Spectrum and approximate effective energies
at 100, 120 and 140 KVp
(Ray Path consisting of 0
0
2
0
0
Path Length KVp Phisum
in Y/ater/Sec. £0-
cm ________ ;________ 1
24/21 100 9-995524
Z2
23
Z4
25
32/Z1 100 a s a
Z2 a s  a
23 
Z4 
Z5
40/Z1 100 a s  a
Z2 a s a
23 
Z4 
25
24/Z1 120 9- 9949034
Z2
23
24
25
32/Z1 120 a s  a b
22 a s a b
23 
Z4 
25
40/Z1 120 a s a b
22 a s a b
23 
Z4
25 •
24/Z1 140 8.1581E4
Z2 
23 
Z4 
25
3^/21 140 8.1581E4
22 
23 
Z4 
25
;pex p  = 1*16 g/cc )
1 cm Aluminium (Centre of 
6 cm Perspex
32 and 40 cm Water Path 
6 cm Perspex 
1 cm Aluminium
Phimsum
1 0  - 'mi*
Mean 
E^ keV
Ratio
IV
8.6892E4 51.82 1.1511
7.4276E4 52.32 1.1690
3.7620E2 64.61 197.44
3.2918E2 64.73 1.1428
3.0505E2 65.07 1.0791
b 0 v e 
0 0 v e 
7.3758E1 66.80 1007.0
6.4673E1 66.92 1.1405
6.0186E1 67.71 1.0745
b 0 v e 
0 0 v e 
1.4876E1 68.42 4992.91
1.3064E1 68.75 1.1388
1.2194E1 68.96 1.0713
(840.898)
8.8318E4 54.82 1.1265
7.6148E4 58.34 1.1598
4.9026E2 72.41 155.32
4.3078E2 72.61 1.1381
4.0225E2 72-97 1.0709
0 v e 
0 v e 
1.0233E2 75.23 744.12
9.0090E1 75.40 1.1359
8.4439E1 75.70 1.0669
(6392.0323)
0 v e 
0 v e 
2.1934E1 77.69 3471.60
1-9339E1 77-84 1.1342
1.8176E1 78.10 1.0640
(1419-5456)
7.5475E4 67.98 1.0809
6.6053E4 68.24 1.1426
5.6814E2 79.55 116.261
5.0075E2 79.78 1.1346
4.7008E2 80.16 1.0652
7.5474E4 67,98 1.0809
6•6053E4 68.24 1.1426
1.2390E2 82.84 533.13
1.0938E2 83.05 1.1327
1.0298E2 83.40 1.0621
(8588.532)
wedge) Z1
Z2
in Phantom Z3 
Z4 
25
Ratio Effective Energies
R* E / keV E keV
P s
1.1469 42 
1.1684 44 
194.65 53
1.1421 61 65
1.0779 60
972.58 54-55 
1.1404 63 67
1.0745 62
4990.84 56
1.1381 66 70
1.0702 6 5,
1.1217 46 
1.1594 48 
150.83 58
1.1374 67 73
1.0702 65
718.64 60
1.1354 70 76
1.0665 68
3285.09 61-62 
1.1337 73 79
1.0634 71
1.0798 59
1.1421 61
1 1 3 .2 4 9 6 6
1.1343 72 81
1.0644 70
1.0798 59
1.1421 61 
527.47 67
1.1327 75 84
1.0616 73
Cont. Table 3*6*2
Path Length 
in Water/Sec. 
cm
KVp Phisum Phimsum- Mean
£0
Ratio Ratio Eff<
32/Z1 140 8.15581E4 7.54747E4 67.98 1.0809 1.0798 59
Z2 6.6053E4 68.2^ 1.1426 1.1421 61
Z3 1.2390E2 82.8*f 533.13 527.47 67
Z4 1.0938E2 83.05 1.1327 1.1327 75
25 1.0298E2 83.to 1.0621 1.0616 73
(8588.532)
40/Z1 140 a s  a b 0 v e
Z2 a s  a b 0 v e
23 2.7650E1 85.87 2388.87 2312.93 69
Z4 2.4442E1 86.06 1.13116 1.13078 79
25 2.3069E1 86.37 1.05959 1.05920 76
84
88
(1992.4695)
Table 3-6.3
Phantom off centre calculation (400 mm)
Integration flux at interfaces, mean energy of exit spectrum, 
and approximate effective energy based on flux.
Density perspex 1.16 g/cc Density Aluminium 2.694 Density Water O .99823 g/cc
(Ray Path consists of 2.0 cm Aluminium
1.0 cm Perspex 
29.0 cm Water
1.0 cm Perspex
2.0 cm Aluminium)
g/cc
Path Length 
in V/ater/Sec, 
cm
Kvp Phisum Phimsum Mean Ratio Ratio Effective
Energies
29/Z1
Z2
23
Z4
Z5
29/Z1
Z2
Z3
Z4
Z5
29/Z1
Z2
23
Z4
25
100 9.9955E4 1 .04047E4 
1.1223E4 
3.2965E1 
2.6602E1 
7.3396EO
63.21
63.48
70.24
70.39
73.46
Exit Intensity (539*146)
120 9.9493E4 1.7456E4
1.4039E4
5.0972E1
4.1399E1
1.2938E1
70.21
70.55
79.54
79.77
83.79
7.1158
1.2516
340.44
1.2392
3.6245
5.6996
1.2434
275.43
1.2312
3.1999
Exit Intensity (1084.089)
140 8.15810E4 1.9476E4 76.54 4.1887
1.5744E4 76.92 1.2371
6.585OEI 87.89 239.08
5.3710E1 88.18 1.2260
1.8062E1 97.09 2.9736
Exit Intensity (1753-599)
6.7930
1.2514
339.90
1.2381
3.5516
4.0920
1.2369
233.37
1.2258
2.9688
51
59
63
68
69
5.4722 55 
1.2433 64 
274.80 69 
1.2307 75 
3.15950 76
63
69
75
81
87
72
81
90
Figure 3
9 t
w«v loo it baV loo
The change in the 100 KVp spectrum along the centre ray path 
through the 400mm calibration phantom.
a) at exit from 0.1 cm aluminium at wedge centre
b) at exit from additional 0.6 cm perspex and 40 cm water.
c) at exit from additional 0.6 cm perspex.
d) at exit from additional 0.1 cm aluminium.
( N.B. Normalised spectra ) (Energy scale 4 keV steps.)
feaV ho
Figure 3*6.6
s'*
Figure 3*6.5.
Centre
The change in the 100 KVp spectrum along the centre ray path 
through the 600mm calibration, phantom. •
a) at exit from 0.1 cm aluminium at wedge centre.
b) at exit from 0.6 cm perspex.
( N.B. Normalised spectra. Energy scale 2 keV steps.) •
te.V too sU fraV (OO.
The change in the 120 KVp spectrum along the centre ray path 
and an off centre ray path through a typical skull in the 
260rnnr scan field (ref. Tab. 3*6.6)
( N.B. Normalised spectra. Energy scale 6 keV steps. )
ray path through skull Off centre ray path through skull
Table 3-6.4
A study of the change in the spectral parameters along ray paths
through the skull and brain tissue. The ray paths are along the scan
field centre line and off centre. The operating kilovoltage is 120 KVp.
Density of aluminium 2.694 g/cc R path Constituents
u " cortical bone 1.80 g/cc
11 n brain tissue 1.035 g/cc Z1 0.1 Aluminium 0.5 cm
Z2 0.8 Cort. Bone 2.0 cm
Z3 15.0 Brain Tiss. 10.0 cm
Zk 0.8 Cort. Bone 2.0 cm
Z5 0.1 Aluminium 0.5 cm
Path Centre Line Off Centre
in material Phimsum- Energy.
Flubnce
Mean 
Energy,keV
Phimsum
"ST
Energy. • 
Flufence
Mean 
Energy,keV
Z1 88318.2 5106800 57-823 58353.7 3612020 61.899
Z2 48942.7 3105730 63.456 17801.6 1250070 70.222
Z3 1975-07 1A0932 71-356 2288.18 169327 74.001
Zk 1318.06 96888.3 73.508 898.522 70183.5 78.107
Z5 1232-79 91023.7 73.835 662.85 52545 79.271
3*7 The effect of air in the calibration phantoms used with the EMI CT5005
scanner.________ _ ___
The change in the exit spectrum from the detector wedge 
along a calibration phantom centre line was determined for l40and 120KVp source 
spectra. The water path within the phantom was reduced by 25mm and air 
was assumed to replace the water.
The change in the integrated energy fluence was calculated 
and the effective energy or monochromatic equivalent energy, E , was determined 
for the operating spectrum in the calibration phantom water. The calculation 
was made to compare theory with experimental measurement. The experimental 
work is described in Section 4.5.
The spectral study results are given in Table 3*5.2 for 120 and I^OKVp.
The output flux integrated energy fluence for the 29*5cm water path is
2 P *10268.9 keV/cm /s and 13604.2 keV/cm /s respectively, the mean spectral energies
are 74.89 and 82.41 keV.* Without air in the 320mm phantom the integrated
P  2 *energy fluences are 6392.0 keV/cm /s and 8588.5 keV/cm /'& and the mean energies
are 75-70 and 83.40 keV.
It can be shown that these intensity changes give monochromatic 
equivalent energies of '72.9 keV and 80.4 keV at 120 and l40KVp. These energies 
apply for air scale factors which are not 500EU and for the 320mm phantom only.
Calculation.
■J32 = Ioexp  ^ ^
*29.5 = Ioexp( 29‘5) '
hence = 275 ' l0S  ^I,, ^
and Es can be determined.
Veigele data was used to derive E .
At 120 KVp Juv;(Eg) = 0.1896 cm”1, 
and at 14D KVp (Efi.) = 0.1843 cm”1.
J.8 The variation.of several spectral parameters along; a ray path
consisting: of aluminium, liver tissue, subcutaneous tissue, variable 
lengths of bone and comparison with a water ray path.
The study was made to determine how much the presence of bone and 
fat affect the mean spectrum energy and the exit energy fluence and to compare 
the value with the water calibration phantom values. The 120KVp source 
spectrum results are given in Table 3-^-2.
The 2k0mm water path was considered as an example and sections 
of the path were replaced by typical pathlengths of normal liver tissue, 
fatty tissue and bone. The liver density was taken to be 1.0600 g/cc, the 
fatty tissue density as O.98OO g/cc and the bone density as 1.5000 g/cc.
These materials and densities gave true CT numbers based on Reference Man 
tissue and bone composition, of 28,-2k and 386 EU respectively. The 
monochromatic equivalent energy was taken to be the calibrated value of
72.9 keV at 120 KVp for an air scale factor of 300 EU.
The mean spectrum energy at the wedge was calculated for the tissue 
model and compared with the water phantom to test the beam hardening in­
troduced by the tissue model. An additional factor is patient size, as. 
patient path lengths are less than the water phantom path lengths, this being 
the usual condition.
At the normal liver/fatty tissue interface after a path length of 12cm"“ 
the mean spectrum energy was calculated to be 67.2? keV and this compares 
with 66.80 keV for the same leiigth water path at 20°C. After a further 10cm 
of fatty tissue the mean energy is 70.85 keV compared to 71.^3 keV for the 
corresponding 10cm of water. The mean energy after a further 2cm of bone is 
7^.11 keV and for a further 2cm of water it is 72.21 keV. If the fatty tissue 
path is reduced to 9cm and the bone path is increased to 3cm the mean energy ' 
increases to 75-25 keV. For most patients the anterior/posterior distance 
is about, on average, 24cm and when a body is scanned in the 320mm field 
it can be seen from Table 3-5-2 that for a 32cm water calibration phantom 
the mean spectrum energy at, the entrance to the detector is 75-70 keV (120 KVp) 
which can be compared to the ray path with 3cm bone mean energy of 75.25 keV.
The conclusion from the foregoing data is that when a patient is scanned 
and the tissue path lengths are less than the dimensions of the calibrated 
field then the mean energy of the exit spectrum for all tissue and bone ray 
paths is not likely to exceed the mean energy of the'exit spectrum for the 
calibration phantom. Therefore there is not going to be significant spectral 
error although there will be spectral variation. Nevertheless, the CT5005
software operates on the detector outputs to correct for beam hardening and 
this may result in CT number change even though beam hardening, indicated by 
an excessively high mean energy, does not exist.
In addition to spectral hardening correction the air scale factor 
changes as the spectrum hardens with increasing calibration phantom size.
That is, the scale varies around the the 500 EU value at about 110 KVp for 
the 2'fOmm field. When spectral correction operates the scale factor changes 
with the amount of correction so that the software automatically recalibrates 
the scan field and the derived CT number for the material in the scan field 
and the change in that number for different operating energies or spectra 
may not agree with theory.
3 .9  Summary,,
A study has been made of the spectral change that occurs along 
a variety of ray paths and for different ray path constituents at 100, 120 
and 140 KVp spectra for the CT5005 scanner. A conclusion reached was that 
although the presence of bone in a body ray path hardens the spectrum relative
to the other tissue ray paths the amount of hardening is not significant.
Also the amount of bone that exists in the scan field for liver, spleen and
pancreas scans is small and will not produce significant spectral
change. The spectral effects that occur for any scan are complex for a
complete scan but averaging takes place due to multiple ray paths being used
in the reconstuction. Therefore the spectral averaging process allows for
the existence of bone within the scan field but the amount is limited.
In order to identify the amount of spectral change that occurs and the
magnitude of the softv/are correction that is applied in the software a method
will be discussed in Chapter 5 which involves the scanning of patients v/ith
two spectra for two different field sizes. In this way the effect of spectral 
change and software correction will be identified for a fixed size object and
if a standard is scanned in the scan field corrections can be made. This
technique is studied in Chapter 5 using phantoms and post mortem scans and
clinical tests are described in Chapter 6.
In addition to spectral analysis the change in the 
theoretical CT numbers for liver tissue and bone as well as for salt solutions, 
and solids, such as polyethylene, perspex and aluminium were studied and the 
conclusion was reached that changes in the mass fractions of iron and of fat 
in the liver and of bone mineral calcium can be determined by dual energy 
and dual wedge measurements on the CT5005 scanner.
The determination of the change in the air scale factor 
and the monoenergetic equivalent energy was made using KI, KC1 and Propanol 1 
solutions in water and a centrally placed air sample tube. The measurements 
are described in Chapter 4.
Finally a calculation was made of the spectral change 
change along two ray paths through the skull. The influence of the 
longer path length in the aluminium wedge for the off-centre ray path is 
shown to cause beam hardening. The design of the 240mm field wedges should 
be reconsidered.
CHAPTER 4
CALIBRATION MEASUREMENTS MADE ON THE EMI CT 3005 BODY SCANNER USING SALT 
AND SUGAR SOLUTIONS, HYDROCARBON AND WATER- MIXTURES AND AIR TUBES IN WATER. 
SOURCES OF CT NUMBER MEASUREMENT ERROR AND CORRECTION METHODS.
4.1 Introduction
The CT attenuation numbers produced in scanning are a function of the 
material density, materialattenuation cross-section, material atomic number, 
the source spectrum, the variation in the transmitted spectrum due to the 
changes in material properties along each ray path, the variable response 
of the detector systems due to spectral change, system noise (random) and 
correction factors incorporated in the reconstruction algorithm.
In addition, the CT numbers are related to the level of calibration.
This means for multi-voltage operation and variable calibration level there 
is only a single point in the kilovoltage range at which the CT number 
differential between air and water is exactly 500 EU or 1000 HU. At any 
other point the differential is increased or decreased at lower and higher 
kilovoltages respectively.
In order to check CT number scale range at different operating voltages 
on an EMI CT 5005 Scanner several scans of air, v/ater, dextrose and iodine 
solutions were made. The measurements were made for the range 100 KV to 
140 KV and for the three wedge fields.
The scale range spectral sensitivity was determined and correction 
factors obtained.
The operation of a scanner depends on spectral stability at the 
detectors, the response being proportional to the total photon fluence and 
the spectrum mean energy. The derived CT numbers are proportional to the 
change in the photon fluence and spectrum mean energy at the detectors due 
to the water ray path being replaced by tissue or similar materials. The 
change in the detector signal is a function of the change in total photon 
fluence if the spectrum mean energy is constant. Although, this is an 
assumption with limited validity. The meaning of the parameter *monochromatic 
equivalent energy* is often used and it is considered in this chapter. 
Calibration measurements were made to determine the value of this parameter.
4.2 Sources of error in the measurement of CT numbers
4.2.1 Introduction •
The magnitude of the CT number measured using an EMI CT 5005 scanner 
is changed by several sources of error from the time value. The errors 
have systematic and random components, the latter being mainly due to signal 
noise. Systematic errors may be classified as those attributed to the scanner 
and those attributed to the scanned object as follows:
Scanner Scanned object
Photomultiplier status Partial volume effect
Drift of operating KVp Spectral errors
Mechanical factors Artefacts (movement)
X-ray tube operation Temperature errors
Artefacts (non movement)
There is overlap in some cases such as with KVp drift.
4.2.2 The partial volume effect
This is a well known source of error due to 
the finite thickn'ess of tomographic slices. If the anatomical structure of 
interest only partially occupies the width of the X-ray beam the CT number 
determined for that region will depend not only on the properties of the 
structure of interest but also on the nature and proportion of other tissues 
within the slice width. This effect is a particular problem with complex 
three dimensional structures but may be reduced by decreasing the width of 
the beam using a smaller collimator.
4.2.5 Spectral Errors
Spectral errors are produced by spectral change in 
the scan field as a result of the variations' in the lengths of tissue paths 
and of the amount of hard bone that exists in the scan slice. The change in 
the spectrum with increasing path, lengths of v/ater has been studied in 
Chapter 3* The stability of the operating kilovoltage is important and 
variation of this parameter should be less than - 0.2 KVp. about the 
calibrated kilovoltage otherwise the scan will be made using a source
spectrum for which the detectors have not been calibrated.
Studies of the effect of spectral change have been made by several 
groups (2,3i'13i^7tl8149,8l ,82) and it can beshown that hard bone can increase
the spectrum mean energy significantly. If a large amount of bone exists in a
ray path corrections must be made in the computer software to correct for 
the beam hardening produced by the bone.
’ If a scanner is calibrated at a specific operating kilovoltage 
using water phantoms the CT number for air in the phantom changes with the 
operating kilovoltage. There is only a single operating kilovoltage for 
which the air scale factor is 500 or 1000. The value for that operating 
voltage will change with machine and with scan field size. Changes in X-ray 
tube filtering will also change the scale factor. - . -.,
Figure 4.2.1 illustrates the effect of spectral change due to operation 
at an incorrect KVp compared to the calibration point the result being 
obtained on the Midhurst CT 5005 scanner.
4.2.4. Artefacts
Biological movement during a scan causes detector signal errors.
Tissue movement always' exists in a scan and causes signal change and this 
is often the cause of poor resolution in scan images. Faster scan times 
reduce errors due to movement and improve resolution. Nevertheless gas 
movement occurs quickly as does surface- level change of a liquid. The 
rapid movement of such surfaces changes the detector output and linear 
artefacts can be produced in the image though the magnitude and incidence 
of these are much smaller than for the CT 5005. (ref. Fig.4.2.4)
Movement of the heart muscle is a major source of biological movement in 
chest scans and stomach oscillation produces artefacts in abdominal scans.
Non movement artefacts are due to the presence of high attenuation 
or low attenuation material in the scan field. Metal clips and pins cause 
severe spectral shift and errors in the detector signals. Contrast medium 
collecting in the stomach can.affect the CT numbers in local tissue though 
a large volume can affect CT numbers in the whole image. In the same way 
low absorbers or gas in the abdomen can reduce the local CT numbers.
Overlapping of the scan field boundary by tissue or bone can give 
CT number error in the local area. If the overlap is general the CT numbers 
in the whole image will be in error.
/
The reproducibility of CT numbers in the early post mortem state 
has been established to better than £ 0.25EU. In the normal anatomical 
state a small change in the scan position will change the shape, size arid 
anatomy as well as the amount of bone .in the scan field. Patient stability 
is therefore extremely important and if accurate reproducibility of the 
CT numbers for a specific patient are needed the careful handling of patients 
and equipment is necessary.
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‘1.2.5 Photomultiplier status
Tests at Northv/ick Park CT 5005 have' shown that the mearured CT 
numbers start to decrease when an indicated count in excess of lK was 
measured. All measurements at Northwick Park were■made such that this 
level was not exceeded for most of the scan time. See Figure 1.2.3-
1-2.6 Drift of the operating kilovoltage ■
The effect of a reduction in the operating kilovoltage is given in 
Figure 1.2.2. It can be seen that significant error can be produced if the 
scan is not made at exactly the kilovoltage at which the calibration was made.
•1.2.7 Temperature errors * ,
The effect of temperature has been studied using hot water and ice.
The work of Bydder on this subject has been published(1979). Hot -water at
70° C with calibration at 18° C reduces the CT number to about -20.5 HU
and ice of density 0.917 g/cc gives -80.8 HU at 120 KVp. Temperature effects
are important when body1 fluids are removed and scanned in vitro using phantoms.
Cadaver temperatures were also at. calibration phantom temperatures (ie 18° C - 1).
1.2.8 Mechanical factors
System vibration and oscillation can produce artefacts in the image of 
all sanners.. Non alignment of the . rotating equipment about the centre of the 
scan field produces errors.
1.2.9 X-ray tube operation
. 1 As the performance of the tube deteriorates with use the spectrum
changes as well as the output. The operator should see an increase in the 
standard deviation for the calibration water phantom. Regular recalibration 
of the scan field is necessary to minimise this error.
Figure 1.2.1 
The demonstrat­
ion of a linear 
artefact due to 
high contrast in 
the stomach. The 
cause is either 
due to detector 
or surface 
movement.
; 1.3 The effect of changing the reconstruction convolution algorithm 
and software operations on the detector output.
■. 1
Early recontruction algorithms were not perfect in that
central dishing of the image was produced. This was due to an inaccurate 
convolution shape. Improvements were made by adjusting the amplitude of 
the low frequency Fourier components and by developing the softv/are 
correction for spectral change. This resulted in flatter images and less 
variation in the measured CT number in an elliptical water phantom 
across the long and short axes. Circular rings are evident in in the water 
image but the amplitude is very small.
In .dual energy scanning the convolution shape is common to both 
reconstructed matrices and no error is produced in the derived CT number 
differential for a given field size. Changing the field size will identify 
an error due to reconstuction as for a constant object size the larger 
field will reconstruct the smaller object. The larger field is calibrated for 
a higher spectrum mean energy at the same operating kilovoltage and many 
factors will change the CT number measured for a given material in both fields.
The main factor is the software correction which is necessary 
to produce flat images. If a ray path is shorter than the calibrated water ray 
path at a given traverse position in a translate-rotate type of scanner 
the mean spectrum energy.and total photon fluence change. The mean energy is 
much less than the calibrated value and the detector output will be in error. 
Without correction the derived CT numbers for a smaller object than the 
calibration phantom in the scan field will be less than the true value and 
reconstruction will give a non flat image. If a correction is applied to the 
detector output which is proportional to the size and shape of the object 
scanned then the derived CT number error can be minimised and the reconstructed 
image will be flatter.
A method of correction on the CT 5005 could be that for each complete 
traverse the average detector signal is obtained and compared with the value 
for the calibration water phantom scan. If the average signal is too high for 
that traverse then the detector outputs are reduced proportionally. The propor­
tional relationship should be a function of the traverse position otherwise the 
correction would be in error. If the proportional correction factor is 
applied to all the detected signals for each traverse the reconstructed 
image will be derived from a matrix of CT numbers v/hich have been adjusted 
in the above way. This correction method attempts to: minimise the effects of
■spectral change in the scan field. Therefore the average effective energy 
is kept approximately to the value determined in the calibration scan.
: The effect of software correction can be demonstrated using calibration 
water phantoms and the EMI.special phantoms in field sizes equal to and 
greater than the phantom sizes. The detail of the .software programs is not 
available for publication for commercial reasons. ________
The correction method is subject to error as the factors are empirically■_ 
derived for a given spectrum and object size. The normal patient shape, 
size,, size, anatomy and bone construction and distribution is variable 
and the correction for spectral change attempts to minimise the spectral 
error for an average shape, size and construction. Consequently the CT numbers 
measured will vary from patient to patient. The empirical functions used to 
correct for spectral change have been aimed at producing a good quality 
image for diagnostic purposes and not for accurate physics measurements.
The magnitude of the correction and the CT number error can only be measured 
using two or three different field sizes to scan the same object. The change 
in the measured CT number will be a function of the object shape and size as 
well as the distribution of fat, tissue and bone within the object and a 
dual field scan in conjuntion with a standard placed in the field or 
existing within the object will identify the CT number error for that object. 
Dual field and dual energy scans have been used for the research into the 
measurement of iron in liver, of fat in liver and for bone mineral density 
and composition measurement, described in Chapter 6 of this thesis, as such 
measurements ’deconvolute* the mixture of effects.
4.4 An appraisal of the work of McCullough, Brooks and Pullan et al.
Much of the basic scanner measurements have been made by McCullough, 
Brooks and by Pullan and Rutherford in the U.K. Many other research teams 
have continued to make calibration measurements on CT head and body scanners 
of many types of manufacturer all of which have different software and hardware 
It is necessary to quickly review the work of the above authors and the 
results published recently by (1979) on dual energy scanning.
The development of the concept of dual energy scanning was first 
suggested by Hounsfield and this led to the definitions of Effective Atomic 
Number, Z*, and of the Electron Density, -he empirical equations of
McCullough and of Rutherford which were used to calculate the photon • 
attenuation cross-sections for low atomic number elements of importance 
biologically. These equations were studied and the accuracy of prediction is 
described in Taole2.3.1. • The equations were used to obtain the two
parameters, Z* and p , from dual energy measurements made on standard 
^materials and on brain ^ tissue in the normal clinical situation with some 
success. Brooks (1977) considered the Hubbell (1969) and Veigele (1973)
atomic data in his paper and described a new method for separating out Compton 
and photoelectric loss components by measuring air scale factors and
perturbation of the water CT number in scan images and measuring the scanner
Quality or Spectral factor so xhat dual energy scans could give two CT
numbers, one described by the photoelectric effect, the other described by
0)
the Compton effect. Again the Effective Atomic Number and the electron 
density could be obtained from the measurements. The fact that the CT 
number for air changes with operating kilovoltage and with the shape and 
structure and composition of the object scanned was known from earlier work 
by several other authors and the empirical equations of McCullough (1975) and of 
Rutherford (1976) the results of which are described here and in appendix 2, 
show that this change was incorporated.
i McCullough derived the effective energy for the brain scanner from 
theoretical studies and experimental measurement. Rutherford derived three 
equations for the head scanner by experimental measurement. In order to 
describe the several equations the value for the CT number for air was ob­
tained from each and the results are given in Table 4.4.1.
Table 4.4.1
CT No. Air EU 
KVp Rutherford McCullough
100 -521.91 -53^.09
120 -502.46 -502.52 ‘
140 -479.87 -436.73
McCullough fs equation for the calculation of the CT number in its basic 
form is
CT number = 2631.6 C ) EU
where 11 = u (E Im) and « = n (E I )
/ m /m s m ^  " / V  sw w J
The constant factor is 2631-6 (= ^Vo.19) in McCulloughs work was replaced in 
Rutherfords equations by 2571, 2671 and 2539 at 100, 120 and 140 KVp quoted 
with a error of - 10. Theory and measurements made on the CT 5005 indicate 
that the factor is constant. If not then the derived effective energy will 
be different to the value used with an equation for which the factor is 
constant (Ref. Appendix 1). Table 4.4.2 gives the estimated effective energies 
at 100, 120, 140 KVp derived by Rutherford and McCullough .
Table 4.4.2
Effective Energy KVp 
KVp Rutherford McCullough
100 62 62
120 70 72
140 74 79
^|) VAjU ( V ^ Y V  4
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McCullough determined the values for his phantom theoretically and a 
comparison with his spectral studies and those made in this thesis for 
the 240 ram CT 5005 calibration phantom show good agreement with McCulloughs 
mean spectrum energies and effective energies, (Ref* Table 4.5-1.) but the 
CT number for air using a small sample tube in the 240 mm phantom were 
measured to be -510-3* —490.6 and —474.8EU at 100, 120 and 140 KVp. The 
CT 5005 uses aluminium wedges and not a water bath or carbon wedges as on 
the head scanner and the resulting spectral differences for the same tube 
kilovoltage between head and body scanners causes spectral scale differences 
between each type of scanner indicated by the CT number for air.
For the ZhO mm phantom on the CT 5005 the air CT number is - 500 - 0.1 EU
at 110 KVp and at this kilovoltage the calculated mean spectrum energy wastestima
by interpolation to be 69-0 keV. Me- Cullough (1975) obtained mean energies 
of 64, 72 and 80 keV at 100, 120 and 140 KVp and by interpolation the value
is 68 keV at 110 KVp. Table 3-5-2 in this thesis gives the values for the
CT 5005 scanner based on source spectra supplied by Birch (1979)- McCulloughs 
data states that the source tube was filtered by 1 .5 mm aluminium whereas 
it is 2.5 mm and effectively 3-0 mm for the CT 5005- This could explain 
the higher mean energies for the CT 5005 spectra.
+ -1
Rutherford quotes the ja for water as, for example, 0.192-0.001 cm
at 120 KVp. An error of this amount (io.5 % in jx) will change the effective
energy by -2 keV .In tissue structure and composition studies it is necessary
to know-the effective energy to -0.1 keV and the linear attenuation coefficient
+ -1for water to an accuracy of at least -0.0001 cm . The latest data of Hubbell 
is valid as it quotes the jljl for water to the fourth decimal place but the 
uncertainty is -2 %• Recent work by Hawkes and Jackson (19S0) gives 
theoretical agreement with the latest Hubbell data to ^0.3 % for the energy 
range 30-150keV. This reduces the uncertainty in the data. Parametrization 
work by Hawkes and Jackson has resulted recently in a theoretically accurate 
equation for the photon attenuation cross-section for the biologically 
important elements for an energy range 30-150 keV . The parametric equation 
used in this thesis is fitted to Veigele data and for water, for the energy
range 10-120 keV it fits that data with an error of less than JP/o and from
.**7-83 keV it is less than 0.5 %• The latter energy range covers the
effective energy range of the CT 5005-
Brooks (1977) published a paper on the quantitative theory of dual energy
scanning in 1977* which defined the Hounsfield Unity H, as
H = 1000 (mj)
w air
and if H = H . H = - 1000 HU. m air,
At calibration with a calibration phantom, is effectively set to zero
and H has some negative value which depends on the spectrum in the scan
field. The value for the CT number for air in the scan field is a function
of the spectrum mean energies at the detectors.The higher the mean energy of
the exit spectrum the less negative is the value for H . .If the mean energyair
of the exit spectrum from tissue paths or from ray paths through the skull 
and brain tissue is the same as that for the calibration phantom the value 
for will be the same as for the phantom. A calculation of the spectrum
mean energy, Table 3»5*^ , shows that at 120 KVp and for a centre ray path 
through the skull, the mean energy is 73*8 KeV and for the 240mm phantom 
it is 73*0 KeV. This is not a significant increase in mean energy •
Nevertheless a different softv/are beam hardening correction applies to all 
the ray paths for each traverse and the change in H . and H v/ill be much
** a i r  W
more than this for the whole scan.
At different operating kilovoltages the air scale factor, for the calibration 
phantom, changes from a value of 1000 ( or 300) and the measured CT number, H, 
is given by the equation
H = 1000 . H
---------  m
- H .air
Only at the kilovoltage at which H . = - 1000 HU is H= H and the scale factorair m
is exactly 1000 or 500. At any other kilovoltage the scale correction must be 
applied.
Also, if the object scanned is not the calibration phantom then 
spectral change and corrections in the software will change the
calibration point and the measured CT number for v/ater in the object v/ill 
not be zero. If the corrections do not exist then the CT number for v/ater 
will fall.
Brooks then defined the scattering and photoeffect Hounsfield numbersf
H = c
* V . 1000 and H ='h
. A w  "  \ P A w
1000
and H is given by the equation 
H H . Q
H
1+ Q .
where Q is a parameter which”describes the X-ray spectrum for the measurement1’ 
Brooks calls the parameter the CT Quality Factor.
Therefore provided the values for H . and H are accurately measured orair w
estimated in vivo and the value for Q obtained by calibration, the method
allows He and Hp to be determined. The application of calibration and 
spectral corrections, for the air scale change with kilovoltage and scanned 
object shape, size and composition, have been carried out in the measurements 
described in this thesis.
Ritchings and Pullan(l979)* in a recent publication, used the Brooks 
method to determine the effective atomic number, Z*, and the- electron 
density, yo^ , relative to water and defined the values
T
£ 2 = 1 + _!
P 500~ ew
in the EU scale.
and f  = » / (  1 + | s o )  / (  1 + S o }
wheri ill was 3*1 for ■§ ^ 1  and 2 .6 for % <  1.It LS
w w
In dual energy scanning
^  = ( Tc + Tp. Q1>/ 1+ ^
t2 = ( t c + t . q2)/ 1+ q2
Therefore if and are known by calibration and T^  and T^ measured,
T^ and T^ can be derived. Ritchings and Pullan obtained, at 120 KVp using 
alternate detectors with 0 .5mm tin filtering, for the 320mm field values of 
Q^= 0.05 and Q^= 0.08. For the 2^ *0ram field the values were = 0.05 and
q2= 0 .085.
Using coincident scans the effect of tissue movement and repositioning 
errors is minimised. Nevertheless movement errors can still introduce error 
in both images and the errors will exist In the Z* andp  images produced. 
The error can be large enough to mask the true material values. Other 
(\) '■* tS-r-CZtCjOj, Hp . iiee
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non-movement artefacts will also exist which will cause error in the measured 
dual energy differential. Also the beam hardening correction operates on the 
detector output in each traverse and the magnitude of the correction is 
optimised to a particular operating kilovoltage which is not 120 KVp. on 
the 320mm field size. Nevertheless, dual wedge files are stored for each 
matrix and the correction factor may not introduce a large error but it 
is likely to be in excess of + 0.1 EU. Also theoretical studies show that 
for normal tissues the dual energy differential is less than 0 .5 -EU for 
scale corrected measured values. The change in the detected
spectrum,with and without the 0.5mm tin,will give scale change as the change 
in the detected energy fluence when air is placed in the scan field vri.ll be 
different. Obviously the scale corrections have been measured and applied 
for the calculation of T^ and If not then the dual energy differential 
vri.ll be in error.
It was stated that and are only appropriate to the 
calibration test object. It was suggested that a standard placed in the scan 
field would permit spectral correction but this is not satisfactory as 
normal artefact sources exist as for the normal scan and errors will be 
produced for the CT numbers in that standard. Placing the standard beneath 
the object seems to give different CT numbers than when it is placed above 
or to the side of the scanned object. The CT numbers above the object were 
3 -3 EU more negative than below the body due to non flatness of the convolution 
used and bolus bag powder density. Nevertheless the technique is the result 
of good constructive research and with the use of fast scanners and with a 
jknowledge of the effect of beam hardening software correction on.the CT 
numbers measured and the change in air scale factor with operating kilovoltage 
the technique could lead to a proper differentiation of photoelectric and 
scattering effects in tissue, body fluids and skeletal compounds such as 
mineral and marrow structure and composition. >
At present the best way to measure the effect of software operations 
on the measured CT number is to change the field size as well as the 
operating kilovoltage or spectrum •
4.5 Measurements made using air in a calibration phantom
In order to determine the scale factor for air 
on the CT5005 scanner at all operating kilovoltages and field sizes a small 
air tube of 2.5cm diameter was placed at the centre of all the calibration 
phantoms and scanned. It is necessary to use a small amount of air in order
to prevent perturbation of the exit spectrum mean energy. A 2.5cm tube will 
change the mean energy 74.9 to 75-7 KeV at 120 KVp for the 320mm phantom.
Also the mean energy.will change from 82.4 to 83*4 KeV at 140 KVp. This 
is the maximum allowable perturbation.
The scale factor , S, is defined by the usual equation
A/*
CT number  ---- . S
. / w  1
where S is 500 or 1000 and is dimensionless. The ratio of u is given by
/ w +
McCullough(1975) and Rutherford(l976) as being in the range 2617-2632 - 10cm at 
120 KVp for the head scanner.
The scale factor has the value of 500 (or 1000) at a single operating KVp 
for a given field size. At lower operating kilovoltages it is more than 500 
and at higher KVp it is less. The scale factor is defined by the equation
U (E )
s(eb> = JTTe I  • s
(E ) w
where / w w is the effective^ for water at the KVp at which the scale factor
is exactly S, ^ (E^) is the effective^. for water at the KVp for which the
scale factor is S(E^). E^ and E^ are the monochromatic equivalent energies
which give the jx values for water corresponding to the true and adjusted
scale factors.
The results are given in Fig. 4.5*1 and Tab. 4.5*2 and it is shown that 
the scale factor is exactly 500 at 110,107.4 and 104 KVp for the 240 , 320 and 
^00 mm fields respectively. As the calibration phantom increases in size the 
detected spectrum mean energy for .the centre ray path increases and the scale 
factor reduces. In order to return to the correct scale factor the source 
spectrum is softened by reducing the operating KVp.
If S(E ) is measured and the value for ju (E ) is measured or obtained s ~w w
theoretically then E can be obtained for each operating KVp. For each field
S  /
size the value of ix (E ) at the KVp for which the scale factor is 500 is thew w
same. Therefore measurement of ju (E ) for the 240mm phantom allows the"w w r ■
determination of E for all field sizes at all operating KVp if the S(E )
s s
values are known.
It was shown in 3.3 that the theoretical best estimate of the effective energy 
for the 320mm calibration phantom was 72.9 and 80.4 KeV at 120 and 140 KVp.. 
Therefore at 107.4 KVp the effective energy is 68.2 KeV and this is the 
effective energy at 104 KVp for the 400mm field and at 110 KVp for the 240mm 
field.
Table 4. 5.1 gives the estimated effective energies for all three fields 
at several operating kilovoltages.
Table 4.5*1
Field 
Size mm
Operating Kilovoltage,KVp
140 130 120 110 100
koo 82.2
(86.4)
78.0 74.4
(78.1)
70.5 66.6
(69.0)
320 • 
•
OCO 
COs«/
76.4 72.9
(75.7)
69.1 65.3
(67.7)
240 79.1
(80.2)
75.4 71.9
(73.0)
68.2 64.4
(65.1)
The values in brackets are the calculated centre ray path spectrum 
mean energies for the three calibration phantoms. It should be noted that 
air perturbs the spectrum and reduces the mean spectrum energy at exit by 
about 1 keV. Therefore there is an uncertainty of that order on the 
values given in the table.
Figure 4.5*2 gives the estimated effective energy for the 
240ram calibration phantom for the operating KVp range of the CT5005- 
McCullough(1975) obtained 79,72 and 62 keV at 140, 120 and 100 KVp for the 
240mm field and mean spectrum energies of 80,72 and 64 keV for the head 
scanner. The results in Table 4.5*1 agree with McCullough^ values but 
the Kk1 head scanner used by McCullough is technically different to the 
CT 5005 scanner and a review of his work showed that his 100 KVp value of 
62 keV was low and that 63 keV would have fitted his measurements more 
accurately. Also at 100 KVp the mean spectrum energy obtained by McCullough 
was 64 keV and was 65.1 keV on the CT 5005. Correcting the CT 5005 effective 
energy at 100 KVp by 1 keV gives 63.4 keV v/hich agrees with the corrected 
McCullough value of 63 keV •
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The measured air scale factor plotted against Log(KVp) for the three 
calibration phantoms. Figure 6.5.1
Table -6.5.2
CT numbers in brackets are interpolated,values listed are the means of four 
measurements
Operating Measurements of S(E^) in three Measurements of S(Eo) in 260 mm
Peak calibration phantoms with cen- Ph. with Dextrose solutions and
Kilovoltage- tral phantom size air tube air tubes
KVp (EMI special)
2hO 320 600 0.73cm 1.29cm 2.0cm diameter
1 60 /.1-7,1, O: / I- . O 672.2 669.3
130 (''82.0) 679.7 676.6
120 '130.6 688.1 686.0
112 698.3 (699.7) 692.0
110 900.0 696.3 693.7
108 (902.3) 699,0 696.1
107. 6 (302.7) (300.0) 696.5
10'* . (906.3) (503.7) ' 500.3
100 310.3 507.9 503.3
676 675
500 300 699
All measurements are the mean 
of four scans
79.1-r
7 5 . 4 -
7 1 3 -
CDO
68.2
6 4 . 4 “
9 0  1 0 0  110 12.0 130 140
Log (KVp)
The estimated monochromatic equivalent energies for the 2tO mm field and 
calibration phantom plotted against Log (-KVp).'
• . . Figure h.p.2
4.6 Measurements made with Dextrose solutions in a calibration phantom
High purity dextrose was used in solution at effective physical densities
of about 1.037 g/cc and 1.080 g/cc to simulate, approximately, brain tissue
and liver tissue respectively. The variation in the theoretical CT numbers
with energy for each density is given in Table 3-3-4. The densities used for
the calculation were the values for water at the mix and scan temperatures
and the calibration phantom water temperature v/as also noted. The data on
the density of dextrose concentrations in v/ater v/as obtained from the Chemistry
and Physics Handbook(1976).Care was taken that the temperatures of all fluids
were accurately measured using a mercury in glass thermometer so that proper
correction can be applied. Studies made by Bydder (1979) on the effect of
temperature have been published^ _____
The accurate measurements were made using the 2*40mm calibration
phantom which had been modified to allow small diameter sample tubes, with
polyethylene walls, to be placed centrally in the phantom water ana at two
other positions along a diameter. Also larger volumes of fluid could be placed
in large diameter tubes as shown in Figure 4.6.1 # The orientation of the
tubes could be arranged in any position in the scan plane but the most
suitable position is at right angles to the start-stop position for the
CT3OO5 scanner. This prevents systemmatic artefacts affecting the CT numbers
in the sample tubes in use, though if such artefacts occur the scan is
usually rejected. The small sample tubes in Figure 4.6.1 are at the correct
orientation.
The dextrose solutions were measured in the large diameter tubes 
and the three smaller tubes were filled with water. The air scale factors 
had been obtained previously using the same phantom .with all tubes filled 
with water except for the central tube which was air filled. The air scale 
measurements are described in Section 4.5 (Table 4.5*2)
The scanner was recalibrated for each operating kilovoltage 
for the 2*}0mm field and the dextrose solutions were scanned together at 
1*40,130,120,110 and 100 KVp. The CT numbers v/ere obtained for phantom v/ater 
and for both dextrose solutions using the new statistical experimental 
programs available on the IVC/DG ECLIPSE computer. The irregular boundary 
area of interest facility was used to cover an area v/hich included areas 
of both dextrose solutions and water with no polyethylene. The histogram 
was constructed of the pixcell values in the total area of interest and 
an example is illustrated in Figure ,t.6.2. The results of the theoretical 
and experimental analyses is given in Figure 4.6.3 showing both the un­
corrected and air scale corrected values.
In addition to the dextrose measurements made v/ith the 2*40 mm phantom, 
additional measurements were made v/ith a perpex and water, circular head
phantom to simulate a brain scan with no bone in the scan field. The 
effective density of the dextrose solution-used v/as chosen to simulate • ,
brain tissue density though the mass fractions of hydrogen, carbon and 
oxygen are- not in' agreement with correct brain tissue values. Table 3«3«',t 
gives the dextrose CT numbers and Table 2.7*1 the value for normal brain 
tissue. The.theoretical and experimental results for the head phantom are 
given in Figure 5.6.'i.
The accuracy of measurement made for the calibration phantom is of the 
order ±.0.1 EU for the kilovoltage range 110-150 KVp. Also, for the head 
phantom the accuracy of measurement was seen to be i 0.2 EU for the kilovoltage 
range 95-1KVp. The agreement between theory and experiment is. very good 
and in all cases for the range 95 -1‘i0 KVp the theoretical uncertainty is
- 0.25 EU (i 0.0001 in jx cm"1) , fAju
L M
+ 0.0005
A Ay,? *
Figure h.6.2
Figure 5.6.1
Figure -4.6.2 shows the histo­
grams of pixcell attenuation 
values in both dextrose so­
lutions and in -water for the 
phantom illustrated in Figure 
•5.6.1 . Accurate measurements 
were made using a single area 
of interest for each material
and a single histogram.
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4.7'Measurements made to determine the monochromatic equivalent energy
The measurements were made using potassium chloride and iodide 
salts, dextrose sugar and isopropyl alcohol in water. The dextrose solution 
measurements are described in 5-2.
Measurement of the monochromatic equivalent energy or effective energy 
can be made using a calibration phantom or a tissue equivalent body or head 
shaped phantom, such as used by White, which simulates the normal body or 
head shape and anatomy. Calibration measurements made using the full field 
water phantom will give the effective energy for that specific phantom and 
not any other. As the object gets smaller in size in the field the mean 
energy of the detected spectrum reduces due to the reduction in water 
path length. This gives a corresponding change in the effective energy.
When measurements are made with a calibration-phantom the CT numbers, 
for a specific kilovoltage, can be for an air scale factor which is not 
equal to 500 (or 1000). Corrected CT numbers then need to be determined, 
at several energies, for the scale factor corresponding to the operating 
kilovoltage. The method that has frequently been used to determine the 
effective energy is to vary the concentration of a salt or hydrocarbon 
liquid in water and to calculate the theoretical CT number or linear 
attenuation coefficient for each value of concentration without making an 
air scale correction, Zatz(l977)* Consequently the theoretical CT No. and the
derived effective energies quoted in the literature have often been in error.
When Dextrose solutions are scanned the theoretical CT number increases
with increasing energy whereas the measured value decreases. If the theoretical 
number is scale corrected there is agreement with the measured values, Fig 5*2.
Early measurements made with the Midhurst CT5005 we re made using a head 
size ( 178mm ) circular phantom of perspex. The phantom was enclosed in
the normal bolus bag used for head scans and was supported on the head rest 
supplied with the scanner. The scanner was calibrated using the normal 
240 mm field water phantom at 100 KVp and the water temperature in both 
phantoms was 20° C. The calibration phantom was scanned using the 100 KVp 
calibration at several KVp in the range 81-140 KVp. The head phantom was 
then scanned at the same kilovoltages and the change in the measured CT 
number for water was noted for each phantom. At this time the head phantom 
CT numbers were less than the calibration phantom values as the spectral 
correction software was not fully developed by EMI for theCT 5005*
The change in the CT number for water in the phantoms is due to the spectral 
difference that occurs between the aluminium reference path and the phantom 
ray paths, at different operating kilovoltages to the calibrated value.
'The-water in the head phantom was replaced with solutions of KC1 and KI and 
each solution was scanned at the same KVp as for water. The CT numbers for 
solution and water were subtracted at each KVp to obtain the calibration 
corrected CT number (Ref. Appendix 1). The CT number was then plotted against 
KVp. For all of the KC1 and KI solutions measured the log-log plot of CT 
number against KVp gave a linear relationship. The plots for a given salt so­
lution against KVp for different concentrations of the salt were of constant 
slope. The teheoretical CT number was then obtained at several energies for 
each solution and the CT number plotted against effective energy on the same 
graph as shown, for example, in Fig. 4*7*1* The measured and theoretically 
calculated CT numbers for KI and KC1 solutions for which the salt concentrations 
are plotted were 0.004-12 and 0.024-5 g/litre respectively. The measured CT 
numbers were in the normal tissue CT number range for liver and brain tissue.
The K-absorption edge at 33 keV for Iodine does not introduce any error as 
the incident spectrum after the source aluminium wedge contains few photons 
below 33 keV.
The effective energies at 140,130,120,110 and 100 KVp for each 
solution v/ere determined to be 76.5«73*5?70.0,66.5, and 63 KeV with an error 
of + 0.5 KeV respectively. The calculated effective energies for the 240mm 
phantom at these KVp are 79*4 ,75*4-,74.9*68.2 and 64-.4- Kev respectively.
Figure 3*4.1 shows that at 140,120 and 100 KVp the exit mean spectrum energy 
for pure water paths of length 24cm are 79*2,71*8 and 64.1 KeV. Extrapolation 
to 18cm gives mean energies of 76*2,69*3 and 62.0keVand as the effective energy 
is related to the detected spectrum mean energy the reduction in phantom size 
would cause a reduction in the effective energy of the amount observed.
The dimensions of the head phantom plus bolus bag had a diameter of 24cm 
and was mounted on the plastic head support of the CT5OO5 scanner.
The detector system on the CT5OO5 responds to total energy fluence 
and this is the product of the spectrum mean energy and the total photon 
fluence. The CT number is determined from the logarithm of the ratio of 
the signals from the water phantom and the material ray paths. It can be 
seen iron Table 3*4.2 that after 12cm of liver tissue and 10cm of fat that 
the total photon fluence is 813.58 and the mean energy is 70.85 KeV. For 
the 22cm of water the total photon fluence is more and is 830.42 but the 
mean energy is higher at 71*43 KeV instead of lower. Consequently it can 
be seen that total photon fluence can be reduced by tissue but the mean 
-spectrum energy can remain constant. The detector output, for water and 
tissue paths, will change in proportion to the total photon fluence and not 
the energy fluence as the mean energy is-constant.
In monochromatic measurements the CT number is determined from the total 
energy fluence detected for a water path and for the material path of the 
same length. As the energy is constant the .detector signal changes propor­
tionally with the change in the total photon fluence, but the output is 
proportional to the energy of the photons. An increase in the energy will 
increase the output from the detector for the same total photon fluence. 
Similarly the effective engery of the operating spectrum for the CT 5005 
scanner is proportional to the average mean spectrum energy of the calibration 
phantom or the average mean spectrum energy for the object scanned and these 
can be different.
The effect of changes in detector efficiency with energy are compensated 
for by calibration with water phantom at the operating kilovoltage. The. 
changes of about 5 keV that occur in spectrum mean energies for the normal 
body scan are not sufficient to produce a large error due to detector efficiency
When the spectral change causes the detector output to vary with mean
energy as well as photon fluence then the effective energy changes according
to the amount and dirction of change of the average mean energy. It can be
shown that if the 320 mm field is calibrated using the normal water phantom
at 140 KVp the centre ray path mean exit spectrum energy for a normal body
+scan can vary.for different ray paths by an estimated - 2 keV, the average 
mean energy will be about 2 keV less than the calibration phantom value, 
of 83.4 keV (Table 3*6.2 ).
Therefore the measurements made by White using realistic phantoms are 
important for a best estimate determination of the monochromatic equivalent 
energy in the human body because of correct anatomical geometry of absorbers 
and phantom shape and size.
If dual energy scans are made the difference in the average mean spectrum 
energy for the calibration phantom at the two operating KVp will be the same 
for the patient as for the phantom but the two values for the patient will 
be less for than the values for the phantom. For normal tissues which do not 
vary much with spectral change, such as liver and brain tissues and blood 
the dual energy differential calculated using calibration phantom values for 
effective energy will give the differential for normal body scans. The 
measurements of effective energies using phantoms are made to confirm the 
theoretical values and a good estimate of the effective energies for normal 
body scans can be made using theoretical models of body anatomy, shape, size 
and composition.
In addition to using salt solutions v/hich give linear attenuation 
coefficients greater than water, polypropyl alcohol was mixed with v/ater to 
form a mixture which reduces in density and which at a 50 % mix with v/ater 
simulates normal fat in the human body. The experiment was made to prove
the dual energy differentials and CT numbers for materials less attenuating 
than water could be predicted from a knowledge of the mass fractions of.
. carbon, hydrogen and oxygen and material-density. The percentage of propanol 
in water was increased and the CT number measured at 120 KVp and 100 KVp.
Table 4.7*2 gives the theoretical study and Figure 4.7*2 illustrates the ex­
perimental measurement using the 240 mm field and calibration phantom. In the 
tables the EMINUMBER calculated at 71*4 keV must be combined with the 120 KVp 
air scale factor of 490.6 to give a measured theoretical CT number and at 
100 KVp the 65 keV value must be used with the air scale factor of 510*3*
For pure propanol 1 the theoretical CT numbers at 120(A) and 100(B) KVp are 
-201.9 HU and -217*48 HU respectively. It can be seen that if no scale correc­
tion is made the measured values correspond to the calculated values, for a 
scale factor of 500, at 75 keV and 62 keV for 100 % propanol instead of 71*5 
and 65'keV. The measurements were made at a time when the importance of stable 
operating KVp and detector-response error was not understood and measurement
-f* -f*
error was as large as - 2 EU (- 4 HU). Nevertheless the fitted measurements 
give the theoretically calculated values of CT numbers and differential.
loo
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Figure 4.7*1
The theoretical and measured CT numbers for KI and KC1 solutions plotted 
against energy and operating kilovoltage.
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The attenuation'values ( CT numbers) for mixtures of Isopropyl Alcohol (Propanol 1) 
with water plotted against percentage in mixture.
A - shows measurement for 120 KVp '
B- shows measurement for 100 KVp .
The linear fit was obtained by minimisation in each case.
4.8 Measurements made using the supplied EMI complex phantom containing
Bone equivalent material (BEH), polythene,-perspex, air and water
4.8.1 Introduction ^
Three experiments are described in this section all using the EMI special 
phantoms. Firstly the change in CT numbers for materials in changing 
spectral condition was determined. Secondly the reproducibility of CT numbers 
was studied using the 240 mm phantom in the 320 mm calibrated field at 
140 KV& the operating conditions being chosen as those for which the spectral 
hardening correction in the softv/are was optimised. Thirdly a test was 
made of the accuracy of correction that could be applied for spectral or 
calibration errors using air and water standards in the scan field.
All.measurements were made as far as possible in a. way which was 
consistent with clinical usage, using normal scan speed and clockwise scan 
rotation. The result of several scans are presented in the tables.
4.8.2 Experimental measurement
Measurements were made using the three special EMI water phantoms containing 
5 cm diameter cylinders of EEM, Perspex, Polythylene and air. The physical 
densities of the solid cylinders were measured and the theoretical CT numbers 
for BEM, perspex and polythene were calculated. The values are given in 
Tables 3-3-1, 3-3-3 and 3-3-7- The scans were made using the correct size 
phantom in the calibrated field and with the smaller special phantoms in 
the same field. Measurements were made at 140 and 110 KVp and the derived .
CT numbers, the v/ater corrected CT numbers and the measured dual energy 
differentials are given in Tables 4.8.1 and 4.8.2.
The results in Table 4.8.1 confirm theMcCulloughd975). conclusion that 
the CT number for perspex does not vary significantly for any of the test 
conditions. The reason for such small changes.is that the change in mono­
chromatic equivalent energies for 140 and 110 KVp,. is balanced by the change 
in the air scale factor from 300 to 475 EU so that the 140 KVp CT number for 
perspex is almost the same as the 110 KVp CT number. In addition corrections 
for spectral hardening in the software will adjust the CT numbers for materials 
in the scan field. -The effect of all of the spectral factors that exist and 
which change material CT numbers has to be identified in order to understand 
any dual energy differential measurements.
These experiments were designed primarily to investigate the change in 
CT numbers of different materials for changing spectral states and the re­
producibility of the CT number, which was carried out for the 240 mm phantom 
in the 320 mm calibrated field at 1'fO KVp„ These latter conditions are be­
lieved to be the conditions for which the spectral hardening correction in
the software is optimised. The same phantom was scanned at 110 KVp but with 
the calibration at 120 KVp to check the accuracy of correction for spectral 
or calibration error using air and v/ater standards in the scan field. The 
value of 110 KVp was chosen as it is used in the dual energy scans. The 
measurements were repeated several times in the clockwise scan direction, 
which corresponded to the calibration scan direction. The scan speed was 
normal as this was the usual scan speed used for liver scans. The results 
are given in Table 4.8.3. The mean values (MN) for each voltage scan given 
and the water corrected values (CV) are derived.
The 110 KVp results show that calibration error can be corrected for
using air or water standards in the scan field. The 140 KVp results show
that the CT numbers in the special phantom, for the experimental conditions,
4" _are reproducable to better than - 1.0 EU, v/hich represents a change in linear 
attenuation coefficient of - 0.2■%» Better reproducibility is possible with 
more care in controlling the operating kilovoltage.
Table 4.8.2 gives the dual energy differentials obtained for the 
measurements listed in Table 4.8.1. The positions and'structure of the common, 
solid cylinders and the air cylinder in the 240 and 320 mm special phantoms 
are on exactly the same pitch circle diameter, but the 400 mm special phantom 
is not. The cylinders for the large phantom are on a larger pitch circle 
diameter. This v/ill change the spectral hardening correction factors for the 
three phantoms in the correct wedge fields. The results show that the measured 
CT numbers vary for the three phantoms in the correct wedge fields. This is 
due to the inadequacies of the spectral hardening corrections made by the 
softv/are to correct for spectral change for different spectra.
As the phantom size reduces in the field for the same KVp and the same 
wedge field size the CT numbers for the solids increase and for air the 
numbers become less negative. The changes are equal to the increase in the 
CT numbers for v/ater in the phantom as the phantom or object size reduces in 
a given calibrated field. Figure 4.8.1 shov/s the best estimated change in the 
measured CT numbers for a constant phantom size and a variable field size.
The results indicate that measurement of CT numbers of the materials in the 
240 mm phantom at tv/o v/edge field sizes which are larger than 240 mm car give 
the measured CT number for the phantom in the correct calibrated field by 
a linear extrapolation to that field size and the dual energy differentials 
for all materials are obtained by extrapolation of the dual energy differen­
tials measured for the materials in the tv/o larger fields.
The condition is that the errors in CT number due to spectral change
and spectral correction that occur when objects are scanned which are not 
water phantoms of the correct calibrated field size can be minimised using 
dual wedge measurements. The amount of spectral change that occurs when 
real objects are scanned cannot be predicted easily but dual wedge 
measurement is the only way which could determine the magnitude of the 
spectral change and the resulting error that occurs when the humau body 
is scanned. The special phantoms that were used in this study do not 
simulate the human body and the amount of spectral change that the BEM 
in the phantom produces is in excess of normal values. Therefore the 
results must be considered carefully and in conjunction with the post mortem 
measurements described in Chapter 5-
phantoms for various phantom and field 
sizes at 140 and 110 KVp.
Wedge
Field
Size
Phantom 
size •
Materials
Air
Mean SD
BEM. . 
Mean SD
Perspex 
Mean SD
Polythene 
Mean SD
V/ater
Mean SD
mm mm
400 boo M -475 11.50 520 18.80 64.1 15.50 -57.4 14.60 -1.58 15.20 1
C -475 322 65.7 -55.8
boo 320 M -468 6.57 555 10.60 65.8 8.77 -36.1 7.83 +1.67 7.55
C -470 551 64.1 -57.8
bOO 240 M -469 4.50 570 7.41 67.0 5.72 -55.8 4.56 +4.23 4.49
C -75 3 66 62.8 -59.0
320 320 M -471 8.40 555 . 14.10 63.4 10.70 -38.1 10.1 +0.256 9.95
C -471 555 63.1 -38.4
320 240 M -474 4.85 569 8.67 64.2 5.68 -59.5 5.19 +1.54 5.20
C -475 368 62.7 -40.8
240 240 M -477 5.60 565 9.11 62.4 7.58 -40.0 6 .72 -0.423 6.75
c -477 365 62.8 -40.4
boo 400 M -502 16.4 386 29.5 64.5 21.8 -45.1 .21.9 -1.23 22.3 T
C -501 587 65.7 -46.3
'400 320 M -495 9.15 428 16.7 66.2 12.0 -43.5 10.80 +1.67 10.40
C -497 426 64.5 -45.2
bOO 240 M -491 6.17 452 10.2 75.5 7.85 -38.0 6.58 +11.3 6.46
C -502 441 62.0 -49.5
320 320 M -497 10.90 425 19.50 63.5 15.40 -45.6 14.50 +0.789 14.50
C -498 424 62.7 -46.4
320 240 NOT AVALIABLE
C -502 5.7 4-59 10.0 61.6 7.8 -48.8 6 .8 6.9
240 240 M -504 7.55 439 15.5 62.0 10.10 -47.9 8.85 -0.265 8.91
C -504 439 62.3 -47.6
M = measured C = water corrected values
Table 4.3.2
KVP WFS PhS BEM.
Mean D
Perspex 
Mean D
Polythene 
Mean D
Air
Mean D
V/ater
Mean D
140
110
400
400
400
400
320
386
66
64.1
64.5
0.4
-57.4
-45.1
-7.7
-475
-502
-27
-1.58
-1.23
40.35
14o
110
320
320
320
320
555
425
72
63.4
63.5
0 .1
-38.1
-45.6
-7.5
-471
-497
-26
0 .256
O .789
0.555
140
110
240
240
240
240
565
459
74
62.4
62.0
-0.4
-40.0
-47.9
-7.9
-477
-504
-27
-0.423
-0.265
+O.158
140
110
400
400
240
240
570
452
82
67.0
75.5
6.3
-55.8
-38.O
-2 .2
-469
-491
-22
4.23
11.30
+7.07
140
110
400
400
520
320
555
428
75
65.8
66 .2
■K).4
-36.1
-43.5
-7.4
-468
-495'
-27
1.67
1.67
0
D = measured dual energy differential
raTc ~ ?fne e^ulYaleni' material. CT dual energy differentials derived
wrc " ,, j r;‘.S^ e*. from measurements made on the EMI
a - Wedge field size. special phantoms at 140 and 110 KVp.
Table 4.8.5 .
CT Number for Air, BEM., 
240 mm Calibration inm
Perspex, Polythene, Water(L), Water(Right) 
320 mm Wedge field at
KVP Air BEM. Perspex Polythene Water left Water right
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
140 -474 4.30 365 6.50 63.9 5.69 -38.9 5.23 1.70 5.14 2.06 4.88
-474 4.39 366 7.44 63.9 5.65 -38.7 4.86 1.56 5.52 1.80 4.99
-475 4.48 366 7.01 63.8 5 .62 -38.9 5.08 1.51 5 .00 1.54 5.06
-475 4.11 366 7.13 63.6 5.56 -38.6 5.20 1.57 5.19 2 .0 7 4.83
-474 4.57 3 66 7.14 6315 6.16 -38.7 4.88 1.44 5.47 1.64 5.23
-475 367 7.24 62.9 5.86 -39.8 4.88 0.833 5.25 1.07, 5.17
-476 4.63 367 7.12 63.2 5.62 -39.8 5.42 O .692 5.57 1.26 5.16 ‘
-476 4.34 367 6.77 63.1 5.82 -39-9 4.99 0.940 5.35 0.020 5-46
-474 4.43 366 6.83 63.9 5.61 -38.9 5.11 1.77 5-57 1.82 4.79
-474 4.55 366 6.72 63.9 5.79 -38.9 5.16 1.24 4.89 1.62 5.10
MN -474.7 4.42 366.2 6.99 63.6 5.74” -39.1 5.08 +1.325 5.29 +1.581 5.07
CV -476.1 364.8 62.2 -40.5 -0.1 +0 .2
110 -515 5.63 423 9.54 48.4 7.72 -62.5 7.01 -14.1 6.74 -14.4 6.48
-517 6.21 426 9.44 46.2 8.30 -63.4 6.95 -14.7 6.73 -14.8 7.07
-516 5.87 425 10.00 48.0 7-77 -62.5 6.36 -14.0 7.24 -14.3 6.74
-515 5.76 425 10.40 48.0 7.67 -62.1 6.82 -13.6 7.21 -13.5 6.90
-515 5.90 425 9.98 48.1 7.87 -62.5 6.87 -13.1 6.43 -12.8 7.07
-515 5.69 425 9.98 48.1 7.82 -62.5 6.85 -13.7 6.82 -13.5 7.00
-515 5.95 425 10.00 48.4 7.87 -62.5 7.00 -13.2 7.01 -13.5 7.47
-516 6.06 425 10.20 48.2 7.91 -62.3 6.78 -13.7 6.99 -13.2 7.43
MN -515.5 424.9 47.9 -62.5 -13.8 6 .90 -13.7 7.02
CV -501.8 438.6 61.6 -48.8 -0.1 0 .0
Figure 4.8.1
Plot of CT Nos. from Tab.4.8.1 against 
field size.
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*f-9 Summary.
When measurements are made on the CT3005 it is necessary to 
know the error mechanisms which affect the accuracy of the measurement.
The sources of error have been discussed in T.2 and there are several.
The spectral behaviour of the machine is a main source of error and the 
derived CT number is dependent on the amount of spectral change that occurs 
in a scan and the:corrections that are applied by the software to reduce 
spectral error. The software correction method has been established by EMI by 
empirical measurement and is optimised to a specific shapb, size and operating 
kilovoltage. The derived, matrix of CT numbers therefore is the result of 
measurement and software correction. The magnitude of the error for any 
operating kilovoltage is discussed in Chapter 5- lb was shown that the 
monochromatic equivalent energy for a head size phantom is approximately 
the same as the mean spectrum energy which is an average value for the 
complete scan. As the object size in the scan field reduces so does the 
equivalent energy and the mean spectrum energy.
Measurements made with the calibration phantoms for the three
field sizes of the CTbOOb scanner determined the variation of the air scale
factor with operating kilovoltage and it was shown that the factor is
only 500 at one operating kilovoltage for each field size. This means that
scale' corrections must be applied to the theoretical CT numbers which are
calculated assuming that the scale is always 500- The scale measurements
allowed the calculation of the monochromatic equivalent energy for each
field and for the operating kilovoltage range of the scanner.. Further .
.measurements with salt and dextrose solutions and with propanol and water
mixtures confirmed the air results. The: values derived for the 2^ iOmm
field using the calibration phantom agree with the values obtained by
McCullough. ■
The work of other groups in the field of CT scanning research was
reviewed, and the method of Brooks suggested for dual energy measurement
0)was considered a positive advance and the latest work of Pullan et al at 
Manchester using the split detector dual energy method is a promising 
line of research but has yet to be tested in clinical use with all the 
associated error mechanisms. The effect of spectral correction methods in 
the CTbOOb software could introduce errors in clinical use. At present the 
only method available to determine the magnitude of the errors due to 
softv/are operations is to scan the patient in two fields of 320mm and O^Ornrn 
on the CT 3003• Measurements'made with the EMI special phantom in­
corporating 5 cm diameter cylinders' of polyethylene, perspex, bone equivalent 
material and air indicated that dual wedge and dual energy measurements would
allow correction foi’ spectral effects in the scan field.
-AW p. e.. e-be ( c*v^ e.we~tT.
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CHAPTER 3
EXPERIMENTAL HRASUREMENTS MADE TO TEST SCAN ACCURACY, STABILITY AND 
VARIABILITY USING SPECIAL PHANTOMS AND POST-MORTEM SCANS
5.1 Introduction
The need to test the CT 5005 scanner mechanical, electrical and com­
puting stability is necessary in order to show that the required measurement 
accuracy can be obtained for,tissue analysis (i.e. the change in elemental 
mass fractions either as singular elements or as groups of elements in tissue).
An accuracy of - 0.1 EU may be required in some cases, such as with fatty 
liver, but a lower.accuracy of £ 0.25EU can be adequate for the analysis of 
materials such'as trabecular bone and iron loaded liver (found in haemachromatosis 
and thalasaemia). Therefore experiments v/ere designed to test the scan 
accuracy, stability and dual energy operation for more than one scan field, 
using four post mortem scans. In three of the-cases vertebral bone was removed.
In one case the vertebra was scanned in vitro using the CT 5005 calibration 
water phantoms and in the other two cases the vertebral bone was scanned using 
the ISOTOM CT radioisotope scanner which uses 1125 as the radiation source.
The post mortem scans v/ere needed to test the reproducibility 
of liver tissue and trabecular bone CT numbers in the real anatomical 
situation. Also the presence of gas in the bodies could be used to test 
the scale factor variation with anatomical change.
The dual energy differential measurements made with the 
post mortem scans would show whether normal tissue differentials 
calculated theoretically, are in agreement with in vivo measurements made 
for the liver and trabecular bone. The fact that the CT numbers would be for 
incorrect tissue states was considered and all post mortem scans were made 
within 10 hours of death.
5*2 Attenuation coefficient measurement in tissues and body fluids
Several workers have measured the attenuation coefficient's in tissues 
and body fluids with the expectation that measured CT numbers may correlate 
with them. This section reviews the work of the major contributors to this 
field, deduces CT numbers from their results and compares them v/ith values 
derived from ICRP References Man tissues (Tab. 2.6.1 * Tab. 5.2.1, Tab. 6.2.1,
Tab. 6.2.3, Tab. 6.2.4, Fig. 5.2.1).
Rao and Gregg (1973, 1975) measured the attenuation of monoenergetic 
gamma rays in tissues. They claimed an accuracy of measurement from 0.^ + %
at 27 keV to 0.9 % at 60 keV and 1.6 % at 662 keV. A Nal crystal v/as used in 
the detector. Phelps et al (1975) measured attenuation coefficients of various 
body tissues 0.1 - 0.3 % in the range 18-60 keV and 0.2-0.4 % in the range 
60 keV to 136 keV. An intrinsic Germanium crystal was used in the detector.
In Rao and Gregg work it was concluded that considerable ( >  1 %) p variation
exists in samples of tissue from one person to another and lesser___________ L___
variations (up to 1 %) within the same organ from the same person.
Differences in p. between normal and cancerous tissue lie within the 1 % range 
and such variation occurs in normal tissue. The mean atomic number was 
claimed to be the same for all tissue except fat and breast tissue.
Therefore identification of abnormal tissue depends on the'variation in 
p between different regions of tissue, the variation may be due to a change 
in gross physical density such as in cystic' formations or due to a change 
in vascularity in some tumours. As many tumours have been better visualised 
following the injection of iodinated contrast medium the latter seems 
likely.
Phelps concluded that the average S.D. of jx . for CSF, - 
plasma and RBCs was about 0.4 % in the range 18 - 40 keV , 0.5 % in the 
range 40 - 80 keV and 0.6 % from 80 keV to 136 keV • The average SD for 
water v/as 0.2 %, 0.3 % and 0.4 % for the above energy ranges. For the
chronic subdural haematomas and blood clots the SD was 0.7 0.8 % and
1.1 % for the same energy ranges. For the grey and white matter and mixed
brain the average SD was 0.3 %, 0.5 % for the ranges 18 - 80keV and
80 - 136 keV’.
Measurements of subcutaneous fat, muscle, liver and pancreas 
of rhesus monkeys give average SD for liver of 0,7 0 ,6 % and 0,9 % for
energy ranges 18 - 40, 40 - 80 and 80 - 140 keV.
__._;.For the ^scle, fat and pancreas the values were 0 ,4  %, 0 ,5 % and 0 .8^.
The v/ork of both groups is v/ell documented and published, but the
accuracy of the measurements made by Phelps are more detailed than those of
Rao and Gregg and this shov/s up in the following analyses.
The ji values for human organs given by Rao and Gregg (Ref. 1975 )
v/ere converted to EMINO values corresponding to the jx for water listed in their
paper as v/ere all of the results for their measurements on steer tissue.
Blood and CSF etc. were converted too and the results plotted on log-log 
paper for ease of interpretation. A least squares minimisation routine was 
used to lit, normal theoretical tissue EMI (CT) numbers to the measured 
values and the EMINO for each organ at 65 keV, 73 keV and 80 keV (the approx. 
effective energies at 100 KVp, 120 KVp and-1A0 KVp for normal 320 mm f .eld
body scans) were obtained. (Note that these EMI numbers are not the MEMINO 
values obtained from measurements made with calibration phantoms).„ The 
results are plotted and given in Fig. 5*2.1.
The scatter in the EMI numbers plotted is considerable and it is 
difficult to come to a useful conclusion except in the case of the spleen 
and pancreas of the human for which at 100 KVp the EMI (CT) number for the 
normal tissue is estimated to be + 31 EU and + 21 EU respectively. Also 
for subcutanuous fat and breast tissue the CT numbers, in EMI units, are 
-37 and -39 respectively.
The measurements of blood samples for steers indicate non linearity in 
the EMINO against keV plot and normal blood at a density of • 1.063 g/cc gives 
31.6EU at 100 KVp. It is more useful to quote EMINO estimates at 100 KVp 
as the effective energy of about 65 keV is near to the 60 keV quoted measure­
ment energy.
The attenuation values obtained by Phelps are listed( 1975 ) and the 
EMINO conversions made. The EMI numbers obtained from measurements of 
attenuation in samples of fresh tissue v/ere calculated and log-log plots 
made as shov/n in Fig. 5*2.1. The sets of data v/ere seen to vary in a non 
linear v/ay on the log-log plots. Nevertheless no measurements have been made 
by either Phelps or Rao and Gregg betv/een 60 keV and 84 keV, so least squares 
fits v/ere made to the data that v/as available over the full data set. For 
example, the monkey liver data plot shows a good fit to normal tissue down to 
30 keV, to - 1 %. Whereas over the full data set it is - 3 %•
The monkey pancreas data is given in Fig. 5*2.1 and at 65 keV the
estimate of EMINO was +29 EU from a least squares fit of.the normal
pancreas tissue to the whole data set.
Measurements on normal human brain matter give, at 65 keV, +21 EU for 
grey matter and +16.5 EU for white matter. This is a differential of + 4.5 EU 
v/hich is about a 0.9 % difference in attenuation coefficient. At 75 keV the 
differential is + 3*75 EU and the SD is 3*8 whereas at 55 keV (86 KVp avail­
able on some machines) the differential is about + 6 EU, and the SD is about
5*5, therefore grey and white matter could be easily differentiated if the
SD in reconstruction is acceptable. Figure 6.2.2 shows the separation of 
grey and white matter at 100 KVp using normal (20S) scan speed, the SD is 
about 5 EU. In the analysis the edematous brain data extrapolation gave +12 EU 
at 65 keV and a specific Glioblastoma v/as +23 EU. A Metastatic Breast 
Carcinoma v/ith Calcium foci was plotted and gave + 38 EU at 65 keV.
A simple test of the accuracy of the Phelps measurement on tissue was 
carried out using the measurements made with an Am 241 source at 59*5 keV 
and with a Trn 170 source at 59*6 keV. The results differ and an average v/as
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A comparison of the CT numbers derived 
from Rao and Gregg and iron Phelps 
measurements for biological materials 
with calculated CT numbers derived from 
ICRP Reference Man data and with 
measurements made on normal human 
tissue.
(Ref .Tab .6.2.1/2/3/V5/7)
taken of the two fitted data values for each tissue type and the mean 
values listed for clinical use. Table 5.2.1 gives the results of the test 
and it can be seen that the fitted value errors are small but the measured 
value errors agree with Phelpfs conclusion on accuracy of measurement.
Finally Rao and Gregg made measurements on lung samples. The results 
for normal human and human tumour tissue together with two seperate measure­
ments on steers were studied. The values of EMINO against energy were plotted 
for the human lung and the results are given in Fig. 5-2.1.
The human normal lung values have been obtained theoretically and are 
listed in Table 2.6.1. The plot of Rao and Gregg lung data is effectively of 
zero slope and the least squares fit to the human lung measurements is 
parallel to the fitted lines for steer tissue. Clotted blood in the human 
tissue does not seem to have affected the result. At 65 keV the lower density 
steer tissue, (p = 0.46g/cc), gave -335 EU and the higher density tissue gave,
(p  = 0.73g/cc), -290 EU. The human lung data gave -115 EU and seems high for 
a density comparable to that for the same physical density.
In conclusion it its important to point out the fact that the lack of 
measurements in the energy gap 60 keV to 8 k keV prohibits estimates of the 
EMINO at effective energies corresponding to 100 KVp and upwards. Measurements 
at 100 KVp on the scanner can be compared with the interpolated data at 65 keV, 
though measurements at 90 KVp would be more relevant.’
More measurements are necessary on human tissue in the 60 - 8k keV range 
as well as below 28 keV to allow better estimates of the variation of EMINO 
with energy but at the present time the data set for various tissues obtained 
by Rao and Gregg and Phelps are useful.
Further in vitro measurements Cto - 0.1 %  in^i) of attenuation coefficients 
for fresh liver, spleen, pancreas and bone compounds are necessary. The detec­
tors used could be intrinsic Germanium for the range kO - 100 keV and Si/Li 
for 60 keV and below, probably down to 2 keV. The radioisotope (1125) CT 
scanner, the IS0T0M, could be used to measure CT numbers for muscle, fat 
and bone in-vivo and in-vitro though the uncertainty of measurement is to 
- k %  at 28 keV. at present, accurate calibration will improve this to - 0.5%.
5«3 Post-Mortem scan results for four corpses
In order to analyse the performance of the CT 5005 scanner and the re­
producibility of CT numbers for tissue, body fluid and skeletal compounds 
the CT numbers for all three field sizes at 1^0 and 110 KVp were measured 
using post mortem scans for four corpses. Besides removing uncertainties due
Table'5.2.1
A list of CT(EMl) numbers Tor several materials studied by Phelps et al.
using Am24l and Tm170 sources.
Item
CSF
Plasma
RBC
Subdural Haematoma 
Clotted Blood 
Clotted Blood 
Normal Brain Grey 
Normal Brain White
Am24l(59.5 keV) Tm170(59.6 keV) 
Measured Fitted Measured . Fitted
7.4000 8.1200 9.8619 8.1240
13.5668 9.3503 8.6291 9-3549
45.1406 45.2755 48.3234 45.2978 
19-7335 22.3917 22.9289 22.4027 
43.9072 40.8464 46.1045 40.6203 
44.6472 43.5531 47.0907 4-3.5745 
17.0202 17.7165 12.8205 14.5248 
22.2002 17.4704 12.5739 14.2786 
Edaematous Brain(MJ) 11.8401 11.0728 12.3274 11.0782-
11 » (JP) 11.5934 9.1043 8.1360 9.1088
Glioblastoma (IR) 19.4869 18.4547 23.1755 18.4638
24.9136 26.8208 25.6410 26.8340 
18.5002 15.5019 13.5601 15.5096 
23.4336 23.3759 24.6548 23.6336 
22.9403 22.6377 23.9151 22.6489 
24.6669 26.8208 24.4082 26.8340 
20.9669 20.9153 23.6686 20.9256 
20.4736 28.2972 28.1065 28.3111 
Oligodendroglioma(SFT)18.OO69 16.7322 
Craniopharyngioma(TW) 31.3270 28.7 8 9 3-23.1755 28.8035 
’’ (MV7) 30.3404 28.2972 25.8875 28.3111
Metastatic Breast (AV/) 47.1139 44.7834 41.1735 44.8055
Neuroma (JG) 4.4400 4.9212 7.6429 4.9236
Fat -45.3873-45.5217-43.8856-45.5441
11 (NR)
" (EG)
» (GD)
Meduloblastoma(WH) 
Meningioma (SL)
" (SA)
Astrocytoma I (IR)
Muscle
Pancreas
Liver
24.9136 31.0039 32.5443 31.0192 
32.0670 29.7736 28.5996 29.7882 
34.5337 34.2027 31.8047 34.2195
Fitted
Error
-0.0040
-0.0046
-0.0223
- 0.0110
0.2261
-0.0214
3.1917
3.1918
-O.OO54
-0.0045
-0.0091
-0.0132
-0.0077
-O.2577
- 0.0112
-0.0132
-0.0103
-0.0139
-0.0142
-0.0139
- 0.0221
-0.0024
-0.0224
-0.0153
-0.0146
-0.0168
Measured
Error
-2.4619
4.9377
-3.1828
-3.1954
-2.1973
-2.4435
4.1997
9.6263
-0.4873
3.4574
-3.6886
-0.7274
4.9401
- 1.2212
-0.9748
0.2587
-2.7017
-7.6329
8.1515
4.4529
5.9404
-3.2029
-1.5017
-7.6307
3.4674
2.7290
to body and tissue movement the anatomical structure allowed a test to 
be made of corrections for spectral change.
The scans were made as soon as possible after termination and not later 
than 10 hours. For the tissue scans the 13 Dim collimator v/as used and for the 
vertebral bone scans the 3 Dim collimator v/as inserted. The machine variables 
are field size, operating kilovoltage and scan speed. The normal scan speed 
is 20 seconds and the slow speed is 60 seconds. Therefore for the first 
corpse slow scans v/ere made and the 320 mm and 'too mm fields v/ere used. Each 
scan was repeated,to reduce SD?in the same clockwise direction four times and 
liver, spleen, blood, fat, trabecular bone, hard bone and air (gas) CT numbers 
were obtained. The results are given in Table 5»3«1« As a corpse v/as available 
for only short periods the measurement time v/as limited to two hours.
The second tissue scan v/as made using the 2k0mm and 320mm fields and the 
fast scan speed was employed. Only liver and trabecular bone CT numbers were 
measured on this occasion and the scans were repeated four times for each 
field size and kilovoltage. The results are given in Table 5-3-2. The L^ 
vertebra was removed for in vitro scanning.
The third time the 320mm and K^DOmm fields v/ere used and the slow scan 
speed. The L_ and L vertebra were scanned using the 5didi collimator. Single 
scans were made due to limited time. The vertebra were removed later for in 
vitro scanning in the IS0T0M scanner to determine the mineral distribution 
and attenuation coefficient at 28 keV. The CT 5005 scan results are given
in Table 5-3«3* _ ______________ _____ ________
The final post mortem scan v/as made in the same way using 320 and AOOmm
fields and the slow scan speed. Again the L_ and L-, vertebra were scanned2 5
and CT numbers obtained for several materials in each scan plane. The 
vertebra were later removed for in vitro measurements. The CT5005 scan 
results are given in Table 5.3.A.
It is shown in Table 5»3»6, .that the air scale corrected liver values 
give a mean differential from the dual energy measurement of +O.7A EU and 
the accuracy of measurement is better than - 0.30 EU for both operating 
kilovoltages and for each field size. Nevertheless, for each field size 
the corrected dual energy differential is -0.08 and +1.57 EU for the 320 
and hOO mm fields respectively. Also the liver tissue CT numbers increase as 
the scan field size increases. The colon air CT number increases by 1.3 EU 
and the liver tissue be 1.6 EU for the 320 mm field and by 2.25 EU and 
3.68 EU for the ^00 mm field.
The reproducibility of tissue and bone CT numbers is the same for 
the first and second post mortem scans though the indication is that the 
results are better for the second scan than the first, even though a fast
Table 5.3.1 .
Patient No. 066467 Post Mortem Scan Collimator width 13 mm
Item ' Mean SD Mean SD Mean SD Mean SD number Px.
_________ 5S4____________ 3S1  6S4 6S1_________  •
Liver
(RT.LB)
31.1 A.86
51.3 5.36
31.4 5.60
31.2 5.92
32.9 8.45
32.9 7.36
32.9 7.82 
32.8 7-62
33.2 4.34 
33.1 4.67 
34.5* 4.58 
33.6 4.70
36 .5 6.13 
36.9 5-41 
36.3 5.90
36.5 5-94 305
Spleen 23.5 5.58 
2 3 .2 4.85 
23.4 5-53
23 .6 5.69
26.1 7.25 
25.4 7.24
25.7 7.82
25 .8 6.48
26.5 4.32 
26 .3 4.85 
_ * —
27 .2 4.93
28 .8 5.83 
29.3 6.67 
28.5 5.57 
28.7 5.25 190
Aorta
(clotted
Blood)
36 .0 5.87 
35.3 4.83 
36-1 5.15
35.1 5 .52
36.4 7.32
38.4 6.95
36 .3 6.46
38 .3 6.64
3 5 .4 5 .9 4
34 .5 6 .39  
— * —
34.7 6.15
3 7 .2 8.66  
37.1 7 .12  
37 .6 7.87 
37.O 7.20 52
Fat
(Renal)
-37.2 5.25 
-37.7 6.48 
-37.5 5.14 
-38.1 5.67
-43.4 7.05 
-43 .9 6.63  
-43.0 6.59 
-43 .4 6.76
-37.0 5-74 
-36.6 5*34
_  * m.
-36.9 5.01
-41.8 7.15 
-42.3 7.21 
-42.1 6.58 
-42.6 6.15 190
Trabecular
Bone
(Vertebral)
75.9 10.5 
75.5 10.2
75.3 9.69
75.4 11*3
90.5 12.7
90.8 12.3
90.8 12.2
90.9 13.1
76.4 10.5 
76.1 10.6
76 .6 11.3
75.6 9.93
91.2 12.3 
91.7 12:.6
91 .2 12.8 
91.3 13.2 111 .
Hard Bone 
(RT. Tran. 
Processor)
192 83.O 
192 82.7 
192 82.2  
192 82.7
233 100 
233 101 
232 102 
232 100
200 71.7 
200 72.0 
198* 64.6 
200 71.2
244 86.6  
243 87 .7
243 86 .5
244 86 .3 52
Air
(in Colon)
-475 3.62  
-475 3.55 
-475 3-46 
-475 3.44
-501 4.56 
-501 4.38 
-500 4.53 
-500 4.04
-474 3*74 
-474 3.71 
-473 3.87 
-474 3.60
-498 4.40 
-498 4.18 
-498 4.33 
-499 4.34 305
Key: 4 = 1to KVp, 1 = 110 KVp,/s = slow, F = fast, 5 = 5 mm,/3 = 320 mm (13")
6 = kOO mm (lon) , /* Error 5 indicated, third scan
Table 5.5.2 Patient No. 100000873 Collimator width 13mm
Item Sample Mean SD Mean SD Sample Mean - •SD Mean SD
radius 1F4 1F1 radius 3F4 ' 3F1
Liver 20 30.38 10.43 31.58 14.05 15 27.15 7.99 27.57 11.19
(RT. Lobe) 30.32 10.27 31.90 13.64 26.87 8.24 27.97 9.88
30.49 10.26 31.69 13.34 27.02 8.21 28.04 11.83
30.49 9.84 31.97 13.67 27.18 8.35 27.88 11.23
- — 32.04 13.85 26.99 8.16 • - -
30 30.79 10.26 31.83 13.83 26 26.51 8.01 26 .89 10.85
30.54 10.14 32.07 13.61 26.48 8.46 27.41 10.46
30.70 10.22 32.07 13.57 26.71 8.28 27.40 11.25
30.76 10.13 32.20 13.86 26.90 8 .23 27.37 10.81
- - 32.12 13.53 26.62 . 8.30 - -
Trabecular 70.15 10.72 81.13 13.85 8 69.39 8.75 77.75 11.44
Bone 14 70.36 10.49 81.14 14.64 69-00 8.66 77.75 10.69
(Vertebral) 70.00 9.99 80.66 14.60 68.74 8.67 78.13 10.98
70.44 10.45 80.45 14.03 68.82 7.68 77.95 12.46
10 69.81 9.75 80.25 13.11 5 69.31 9.18 78.69 10.97
69.80 10.82 80.72 14.65 69.18 8.78 77.66 11.80
.69.84 10.45 80.41 14.17 68.80 8.61 77.65 11.40
70.17 10.41 80.97 14.24 68.26 8.02 76.27 12.21
Table 5.3*3
Patient No. 229996 Post Mortem Scan Collimator width 5 mm Vertebr:
Item Mean SD Mean SD
351
Mean SD 
654
Mean SD 
'651
Air (L ) -477 - 463 -503 • 8.78 -4 75 6.24 -502 7.10
✓
Trabecular 
Bone (L^ )
83.3 18.6 98.6 23 .8 83.1 15.7 98.0 19.4
Spinal Canal 6.67 13.5 7.75 12.9 9.54 9.54 10.3 12.1
Body Fluid 5-47 11.8 6.50 15.5 5.21 8.04 5.44 10.8
Air (L^) -478 5.99 -505 7.57 -475 5.43 -503 7.24
Trabecular 
Bone (L^)
75.3 16.8 89 .6 19.3 73.3 13.5 88 .2 17.6
Spinal Canal 7 .46 12.0 9.88 13.6 10.7 9.46 11.5 12.8
Body Fluid 3.61 9.99 3.77 12.4 2.97 8.27 3.61 10.7
Table 5-3-4 
Patient No. 079832 Post Mortem Scan Collimator width 5 nun & L., Vertebr 3
Item Mean SD 
354
Mean
351
SD Mean
654
SD Mean SD
651
Air (L^ ) -477 6.84 -500 8.23 -472 6.03 -498 6.69
Body Fat 
(Back)
-50.3 7.83 -54.1 9.46 -48.8 5.76 -55.6 7.45
Trabecular 
Bone (L.,) 
(Vertebral)
-5.32 20.9 -1.33 26.1 2.89 19 .2 5.76 23.1
Spinal Canal 3.21 7.87 10.7 10.3 7.71 7.10 8 .50 9.39
Hard Bone 
(RT.Tran.PR.)
217 78.6 268 91.1 209 80.4 255 98 .2
Air (L^ ) -478 7 .62 -502 8.54 -475 11.8 -503 8 .03
Body Fat 
(Back)
-50.4 7.56 -54.7 10.5 -48.9 6.59 -54.6 8 .3 2
Trabecular 
Bone (L^ ) 
(Vertebral)
-2.69 20.9 (+3.01
0.292
24.4)
23 .2
6.47 19.6 10 .6 23 .6
Spinal Canal 2.50 9.04 5.21 11.9 5.55 7.08 8 .26 10.3
Hard Bone 
(RT.TR.PR)
270 33.7 327 44.7 280 40.0 346 48.8
results are better for the second scan than the first, even though a fast 
scan speed was used. The reproducibility at 1^0 KVp for both field sizes 
was - 0.15 EU and for the 110 KVp scans it v/as - 0.25 EU- Using 2**0mm and 
320mm calibrated air scale factors the dual energy differentials for the two 
fields were -0.25 EU and -0.77 EU respectively. Normal theoretical liver 
tissue with 7% fatty infiltration gives a positive differential of +O.36 EU,
A differential of -0.25 EU v/ould correspond to 16% fat in the liver as a 
proportion of total liver cell volume. This is three times normal fat levels.
The third post mortem scan allowed fluid collection in the 
body to be measured in two slices. On the smaller field (320) the dual energy 
differential for the L_ plane was +0.7^ EU after scale correction using 
colon gas CT numbers.. The differential for the larger field was -O.O^ f EU.
The mean differential of +0.33 EU is normal. For the plane the corresponding 
differentials v/ere -0.01 EU, +0.^ f8. EU and the mean is +0.23 EU, which is 
only 0.1 EU different to the mean value for the plane.
It can be shown that all tissues for the four post mortem scans give 
dual, energy differentials v/hich,after scale correction,are small and in the 
normal range based on theoretical differentials obtained from ICBP data.
In conclusion it must be pointed out that the air scale factors measured in 
colon gas for three of the post mortem scan experiments gave the expected 
calibration values obtained from air measurements in calibration water 
phantom measurements.
Another reason for carrying out dual energy and dual wedge measurements
was to test a possible method of correcting for spectral change due to 
software operations which could depend on the body size shape and anatomy 
in the scan plane. The first post mortem scan results v/ere used and the 
aorta clotted blood was used to correct the specific tissue CT numbers for 
a given v/edge and operating kilovoltage. The results for liver, renal fat, 
trabecular bone and hard bone are illustrated in Table 5-3.5. It v/as shown 
that using a true differential for the clotted blood in vivo of -O.^ iO EU 
thau for a scan field size equal to the body width of 3^5 mm the scale corrected 
liver differential is +1.20 EU and the corrected CT numbers for clotted blood 
and liver tissue are calculated and listed. For renal fat the differential 
was -3.00 EU, for trabecular bone it was +10.60 EU and for hard bone it 
was +31.80 EU.
These results suggest that spectral effects may be corrected 
for using a dual energy and dual v/edge technique where the aorta blood 
is used as a standard in the scan field. The errors from tissue movement 
or gas movement in the scan field will have to be minimised for this method
to be proved clinically or a faster scanner used.
.Table r;t j j j
n
THE PATIENTS DETAILS ARE ( THEN CR ) ' 866467 llll
PATIENTS HIOTH AHO HEICHT ARE ( THEN CR ) 383 238
14BKV MATERIAL CT H0.(328.) IS • 31«. 1
118KV MATERIAL CT H0.(32S> IS • 32.9
I48KV MATERIAL CT H0.C488) IS « 33.2
U8KV MATERIAL CT NO.(488) IS * 36.5
148KV STANDARD CT N0.(328) IS > 36.8
118KU STANDARD CT N0.C328) IS « 36.4
148KV STANDARD CT N0.(4«S) IS • 39.4
I18KU STANDARD CT N0.C4SS)
TRUE STANDARD DIFFERENTIAL IS > -8.4 
THE ABSOLUTE UALUE OF STANDARD (148) IS* 8.374491E 2
THE ABSOLUTE VALUE OF STANDARO (118) IS * I.378491E 2
THE ABSOLUTE VALUE OF CTS MATERIAL! 148) IS B.343928E 2 
THE ABSOLUTE VALUE OF CTS MATERIAL!lit) IS 8.338289E 2
SIZE OF CORRECT FIELD IS *• 8.384989E 3
CORRECTED DIFFERENTIAL I S   8.122889E I
AT A
STANDARD DIFFERENTIAL OF (EU) -8.488888E 8
dual wedge-energy corrected CT 
numbers for blood, fat, trabecular bone 
and hard bone.
lal-orial 'Li 7* S iandard Aorta
THE PATIENTS OETAILS ARE ( THEN CR > 866467 8888
PATIENTS HIOTH AHO HEICHT ARE ( THEN CR > 385 2
148KU MATERIAL CT H0.(328) IS * >37.2
IlOKV MATERIAL CT H0.(328) IS « -43.4
148KV MATERIAL CT H0.(488) IS « -37.8
U8KV MATERIAL CT N0.(4AA) IS « -41.8
148KU STANDARD CT HO.(321) IS • 36.8
UOKV STANDARO CT N0.(32«) IS * 36.4
148KV STAHOARO CT N0.(4ff) IS • 33.4
118KV STAHOARO CT N0.(488) IS « 37.2
TRUE STANOARO DIFFERENTIAL IS » , -8.4 
THE ABSOLUTE VALUE OF STANOARO (148) IS* 4 8.374491E 
THE ABSOLUTE VALUE OF STANDARO (118) IS * 8.378491E
THE ABSOLUTE VALUE OF CTS HATERIAL048) IS -8.398568E
THE ABSOLUTE VALUE OF CTS MATERIAL! 118) IS -8.
SIZE OF CORRECT FIELO IS * 8.384989E 3
CORRECTED DIFFERENTIAL I S  8.384495E 1
A U :• -
STANDARD DIFFERENTIAL OF (EU) 8
Material Ronal Fat Standard Aorta
M21818E
866467 8888
iCT ■: 'iW -.'■•a-.-,.-,.4-' t. *. v.tfr-.t ..I-! -i-.-'-'- i- W.
THE PATIENTS OETAILS ARE ( THEN CR ) 
PATIENTS HIOTH AHO HEICHT ARE ( THEN CR )
14SKV MATERIAL CT H0.(32S) IS *• 73.9
I18KV MATERIAL CT NO.(328) IS * 98.5
14BKV MATERIAL CT HO.(488) IS • 76.4
1I8KV MATERIAL CT H0.(488) IS * 91.2
148KV STANDARD CT N0.(328) IS * 36.8
118KV STANDARD CT N0.(32l) IS * 36.4
148KV STANDARD CT N0.(4«8) IS * 35.4
U8KV STANDARD CT N0.(400).IS • 37.2 •
*« TRUE STANDARD DIFFERENTIAL IS « -8.4
THE ABSOLUTE VALUE OF STANDARD (148) IS* i
THE ABSOLUTE VALUE OF STANDARD (118) IS * i
THE ABSOLUTE VALUE OF CTS MATERlALt148) IS 
THE ABSOLUTE VALUE OF CTS MATERIAL!118) IS ,
SIZE OF CORRECT FIELD IS * 8.384989E 3
CORRECTED DIFFERENTIAL IS --  8.186821E 2
AT A
STANDARD DIFFERENTIAL OFfc(EU) - -8.480008E 8
Material Trabecular Standard Aorta
0.374491E 2 
0.370491E 2 
0.884657E .2 
0.918679E
ii o t e
The measured Standard GT numbers 
listed in the tables are "or clottcc 
blood in the Aorta. The material CT 
numbers given in each table corres­
pond to the measured -values' at the 
stated KVp and Tor the scan field 
size given in brackets..The measured 
CT numbers are air scale corrected 
and the absolute values for the 
standard and materials given in the 
four examples.,,are calculated 
assuring a linear interpolation or 
- extrarcla'-.ion of the corrected
fi aid r-f a 'RC ;> ;vf
iron I.lie material differential 
at which the standard differential 
lias the true value.
TJie correct field size given is 
that value at which the standard 
di fferehtial is -0.1 EU.
THE PATIENTS OETAILS ARE ( THEN CR ) 866467 8888 r
PATIENTS HIOTH AHO HEICHT ARE ( THEN CR ) 383 238
148KV MATERIAL CT NO.(328) IS • 192
118KV MATERIAL CT N0.(328) IS * 233
148KV MATERIAL CT H0.(488) IS « 288
U8KV MATERIAL CT H0.(488) IS * 243
148KV STANDARD CT H0.(328) IS * 36.8 I
118KV STANOARO CT N0.(32f) IS * 36.4
148KV STANDARD CT H0.(4M) IS • 35.4
118KV STANDARD CT N0.C48I) IS * 37.2
TRUE STANDARO DIFFERENTIAL IS • -8.4
THE ABSOLUTE VALUE OF STAHOARO (148) IS*
THE ABSOLUTE VALUE OF STAHOARO (118) IS *
THE ABSOLUTE VALUE OF CTS MATERIAL! 148) IS
THE ABSOLUTE VALUE OF CTS MATERIAL018) IS
SIZE OF CORRECT FIELO IS * 8.384989E
CORRECTED DIFFERENTIAL IS -—  8.317994E 2
STANDARD DIFFERENTIAL OF (EU) -8.4ee888E 8
8.374491E
B.378491E
8.289314E
8.241113E
Material Hard Bone Standard^ Aorta
. Table 5-3-6 
The scale corrected dual energy differentials for the four
corpses.
Patient No. 0066476 OOOO875 229996 079832
Field Size ' ' 320 2Zj0 320 520 400 520 400
ram
Collimator 15 15 13 13 5 5 5 5
mm
Liver -0.08 1.57 -0.25 -0.77 - -
Spleen 1.03 0.81 - - - - -
Blood
Clotted -0.23 -0.41 
Fat Renal -3-74 -3-52
Fat Body(Back)
L3 - - - - - - -1.38. -4.13
L2 - - - - - - -1.76 -2.80
Trabecular Bone 
Bone
L3 11.07 11-37 6.90 5-27 10.69 10.14 4.25 4.37
L2 - - - - 10.30 10.51 5-81 3-73
Hard Bone
L3 29-9 33-5 - - - - 40.50 34.60
L2 - . - - 45.50 49.20
Spinal Canal
L5 - - ‘ - 0.71 0 .2 2 9-34 O .36
L2 - - - 2.02 0.17 2.58 2.67
Body Fluid
L3 - - - - 0.74 -0.04
L2 - - - - -0.01 0.48 -
Note. All tissues were not in the scan slice for all cadavers and in some 
cases the data was not available due to fluid build un.
5.4 In-Vitro measurements made on vertebra. .
The vertebral bone removed from the body that was used 
for the second post mortem scan, v/as placed in turn at the centre of the 
240mm and 320mm water calibration phantoms. The bone v/as scanned at 140 KVp 
and at 110 KVp using 13mm and 5mm collimators. Also the slow scan speed was used 
The experiment was designed to measure the gradient of trabecular bone 
density in the vertebra.
The CT numbers for trabecular bone were obtained using 
the statistical analysis experimental programs on the IVC/ DG ECLIPSE 
computer. The circular area of interest facility v/as used and centred over 
the sample area as shown in Figure 5*4.1. and the histogram constructed.
The resolution of the CT numbers histogram for trabecular bone and the 
surrounding phantom water histograms v/as good and the mean CT number obtained 
for both. The results are given in Table 5*4.1 .
Table 5*4.1
Collimator 
>/idth mm
140 KVp
240mm
110 KVp
240mm
140 KVp
320mm
110 KVp
320mm
Mean SD Mean SD Mean SD Mean SD
13 68.1 9 .6 80.5 11.8 65.4 13.0 78 .0 15 .2 EU
5 65.8 11.2 77-7 14.1 60.7 14.9 71.3 17.4 EU
The dual energy differentials, obtained from Table 5*4.1 before and after 
air scale correction, are given in Table 5*4.3.
It can be seen in Table 5*4.1 that the smaller collimator gives lower 
CT numbers than the larger collimator even though the bone was fixed in 
position in the phantom for both collimator measurements and for both 
kilo voltages. This is due to lower physical bone density or mineral mass 
fraction existing at the centre of the vertebra. With the larger collimator 
there was a partial volume of higher bone density in the slice. With the bone 
placed centrally in the calibration phantom the harder spectrum in the 
larger phantom gives a reduced CT number. There is a source of error v/hich 
is due to poor repositioning of the bone but every effort was made to mini­
mise this error. The dual energy differentials obtained and the CT numbers 
measured do not correspond to normal levels of bone mineral in the trabecular 
bone (Ref. Chapter 3* Tab. 3*5*4).
Comparing the in vitro and in vivo measurements, the CT numbers at 
.110 KVp agree to within — 0.25 EU but the 140 KVp values are lower in vitro 
than in vivo by as much as EU in the larger 320 mm scan field. The results 
are given in Table 5.4.2. The dual wedge interpolation method was used and 
it was shown that for the observed in vivo liver differential of -0.3 EU
HOFACS , - S i , s-'i ■ ^  ...
THE PATIENTS OETAILS M E  ( THEN Cl > M M 7 3  
PATIENTS II1DTH ANO HEICHT ARE ( THEN CR ) I M  III
14IKV HATERIAL CT N0.(24l) IS • 71.23
11IKV MATERIAL CT NO.(241) IS ■ II.IS
I4IKV HATERIAL CT H0.(32l) IS • <1.93
11IKV HATERIAL CT H0.(32l) IS • 77.S9
14IKV STAHDARO CT H0.(24t) IS ■ * 31.71
11IKV STANDARD CT H0.(24l) IS « 32.K
I4IKV STANOARO CT H0.(32l) IS > 2S.I4
11IKV STANDARD CT N0.(32l) IS * 27.27
TRUE STANDARD DIFFERENTIAL IS • -1.3 I 1
THE ABSOLUTE VALUE IF STANDARD (141) !S« D.32BC49E 2
THE ABSOLUTE UALUE OF STAHDARO (111) IS » I.31763IE 2
THE ABSOLUTE UALUE OF CTS HATERIAL! 141) IS I.73S9ME 2 
THE ABSOLUTE VALUE OF CTS HATERIAL(lll) IS - I.BI7I4SE 2 
SIZE OF CORRECT FIELD IS • ; I.243133E 3
CORRECTED DIFFERENTIAL IS --  I.S8I799E I
AT A ■ ■»; v , ,
STANDARD DIFFERENTIAL OF (EU) -0.30S00H I
STOP» - ‘
Table, 5»*t«2
III VITRO
Phantom
Measurements
Material is trabecular
bone (L3)
Standard is phantom water 
and differential is 
assumed to be zero
IN VIVO 
Measurements
Material is trabecular bone 
and standard is liver 
tissue
corpse slice size (body) was 
width 2-1-5 nim 
height 220 mm 
standard differential was 
assumed to be -0.3 as this 
give’s correct field size of 
2T5 mm
Table 5-*f.3 The measured and 
differentials for
air scale corrected dual energy 
vertebral trabecular bone • (000873)
Collimator width mm Differential
.1*10/110 KVp 
(S=*f75) (S=500) 
2'[Omm 2';0mm
Differential 
1 *(0/110 KVp 
(S=*f75) (S=500)
320mm 320mm •
13* 12. *l 12.6
■13 (air scale 
corrected)
8.8 • 9.2
5 11.9 10.6
5 (air scale 8. k . 7 • '>•
obtained previously and used here for spectral correction, the effective 
field size is equal to the body width, of 2^0 mm. The corrected' dual energy 
differential is then +6.8 EU which is less than the in vitro value of 7-5^ EU. 
The difference is due to the position of the vertebra within the scan slice • 
as with the in vitro scans the bone was central in the phantom and at this
position there is no software correction for spectral hardening in the
calibration phantom. The position'of the bone in .the in vivo scans was not
central in the field and this means that the CT numbers will be changed by
the software. In this'situation it is more likely that the 110 KVp values are 
in error as the beam hardening corrections in the software are optimised for 
1^0 KVp.
The conclusions that a trabecular bone density gradient exists appears 
to be correct as it is clear that a reduction in collimator width,reduces the 
CT numbers. This corresponds to a reduction of. trabecular bone physical density 
and the measured values of dual energy differential show real reduction (25 %) 
in the mineral mass fraction. Normal trabecular bone was studied theoretically 
and at 1^0 KVp the CT number should be in the range 75-80 EU and at 110 KVp 
the range is 90-100 EU. The scale corrected dual energy differential should 
be greater than 11 EU. The measurements on the trabecular bone for this corpse 
indicate that there was a definite reduction in bone strength and a loss of 
bone mineral in a way that is similar to the presence of osteoporosis, a 
bone disease which affects the bone physical density without reducing the 
mineral mass fraction. •
S C L E  EMI 
i M E A N  8 1.8 
S T D V  16.9 
M I N 35
M O D E  82
M A X  ,119 
A R E A  9 . 9 5
Table 5.6.1
Histograms 
derived from 
pixcell CT 
numbers in area 
of interest 
containing 
trabecular bone 
and phantom 
water.
5*5 In-Vitro measurements made on vertebra using the radioisotopic CT scanner
5.5*1 Introduction
The radioisotopic CT scanner used, known as the ISOTOM, was produced 
by the University of Zuerich. It operates with an iodine 125 source with a 
weighted mean effective energy of 2 8 . keV. The mechanism operates in a 
translate-rotate mode and has an aperture capable of taking objects up to 
15 cm. In the scan mode the effective field size is chosen to be approximately 
the same as the object size.'No beam hardening corrections are made by the software
There are three operating scanners in'the ■•world, one in the USA, one 
in Zuerich and the one at Northwick Park Hospital. The scanner is being, 
modified in the USA for brain scans but its general use is for trabecular 
bone density measurement in the arms and legs'of patients.
A coloured cross sectional reconstruction of the bone is produced on 
a T.V. consul and the facility allows the linear attenuation coefficient of 
the trabecular bone and the cortical bone to be measured within a n y  isodensity 
contour in the image. The slice width is 0.1 cm.
The scanner v/as used to measure the linear attenuation coefficient 
gradient along the axis of two vertebral sections removed from corpses 
which had been scanned in vivo on the EMI CT 5005 scanner. Dual energy 
measurements on the CT 5005 at 1t0 and 110 KVp had been used to determine 
the trabecular bone linear attenuation coefficient at 28 keV.and 30 keV, by extrapo 
lation, for two of the vertebra in each section.
5*5*2 Experimental measurement
An and an vertebra, scanned in vivo in two post mortem scans., 
were scanned using the ISOTOM CT scanner. The results are given in Fig. 5*5*1*
Before scanning the lumbar vertebra the calibration of the scanner was 
tested using cylinders of water, perspex and polyethylene. These cylinders 
had been scanned previously as standards on the CT 5005 and in addition the 
linear attenuation coefficients of the perspex and polyethylene cylinders 
v/ere measured at 60 keV using an Am 2Vi source. The results are given 
in Table 5*5*1* The measurements and discussions v/ith ICI indicated that 
the perspex used in the EMI phantoms contains hydrocarbon additives and 
impurities (Fe, S,<50 ppm)so that the attenuation will not be the same as 
that for perspex consisting only of C-Hg° 2 molecules. Additives are 
used to form and stabilise the rigidity and strength of both perspex and 
of polyethylene and for the latter molecular crosslinking occurs so. that 
the molecule is more complex than the simple form normally assumed, c2hi, *
In order to measure the attenuation coefficient of perspex four 
cylinders of perspex of diameters 0 .827, 1.6l*f, 3.213 and 6.V)5 cm were
+scanned. The derived linear attenuation coefficient was 0 .338 cm - 0.007•
Figure 5.5.2 and Table 5*5*2 give the results. It was concluded that the *
EMI phantom perspex was the same as used in this experiment and therefore
the effective energy of the ISOTOM scanner is about 31*5 0*5keV &s determined
using Perspex (C_HQ0.). Measurements made with water give 30 keV -0.5keV.5 o 2 -
The in vitro measurements of IE, and vertebra were made with the 
samples wrapped in polyethylene and placed in a polyethylene tube v/ithin 
the scan field. Each vertebral section is continuous and as the scan beam 
diameter is 1 mm the sections were scanned in a 2 .5 mm steps along the axis 
The vertebral section for 079832 (Fig. 5*5*3) and for 229996 (Fig. 5*5.*0 are given
Fig. 5.5.1 shows the axial variation in the measured linear attenuation •
coefficient for the vertebral bone sections, from 079832 and 229996, which 
were scanned in vivo using the CT 5005 scanner. The scan results are given 
in Tables 5*3*3/4. The 229996 results are for lumbar vertebra and L^, th©
former was not scanned on the CT 5005 and, unfortunately, the vertebra was
damaged on removal so that a few bone chips existed within the trabecular 
bone. Nevertheless the results for the two vertebra indicate the axial distri­
bution of bone mineral and it can be seen that the value for p. for Lp is
— 1 - 
0.590 cm . Extrapolation of the p  measurement at 140 KVp and 110 KVp using
the CT 5005 for the vertebra gave, at 30 keV, a. p  of 0.590 - 0.030 cm ^with 
a density of 1.13 g/cc,(Tab.3*5*^)• The calcium and phosphorus mass fractions were 
0.0464 and 0.0232 respectively. It is known that at 30 keV the calculation 
of p  is uncertain by - 5 % for trabecular bone (Appendix 4), therefore there 
is agreement between theory and measurement.
.The 07832 results are for lumbar vertebra and L^. Fragmentation of 
did not allow measurement of for that vertebra. Nevertheless and in­
dicate the effect of osteoporosis as the p. for trabecular bone is low. It can 
be seen from Fig. 5*5*1 that a 5 mm collimator is needed for correct measure­
ment, as each measurement was made at intervals of 2 .5 mm, and the use of a 
13 mm Collimator would produce partial volume errors as the thicker slice
would include cortical bone. Extrapolation of the CT 5005 measurement for
the vertebra gave, at 30 keV, ayu. of 0.420 i 0.021 cm“\  (Tab. 5*5*1/3) t
and at 28 keV thep  is 0.472 - 0.024 cm”^
5*5*3 Conclusions
It can be seen from the ISOTOM measurements (Fig. 5*5*1) that the 
extent of the disease in trabecular and cortical bone varies from vertebra
to vertebra (e.g. of 079832 is worse thanL0 , Fig. 5*5*1)» therefore therecL
is no reason to believe that measurement of the attenuation in the trabecular 
bone of the distal radius gives the worst or most representative attenuation 
value for the whole body. Also as bone mineral deteriorates or is displaced
10 -
A plot of the axial variation of the 
attenuation in-the vertebral trabecular 
bone of two corpses made on the 
ISOTOM scanner.
Figure 5-5.1 End of lumbar
vertebra section.
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the mechanism of the removal -of dead cells and the replacement of the 
displaced volume with other material such as marrow for any bone position 
.is difficult to define and blood flow in- the vertebra is different to that 
in the distal radius. . ’
The ji measurements made on vertebral sections indicate that CT number 
and dual energy differential measurements on the CT 5005 should correlate 
well with the ISOTOM measurements of attenuation coefficient for the same 
bone. Also if bone disease is general throughout the body then there should 
be correlation between trabecular bone in the distal radius and in the 
lumbar vertebra for the same patient.
The experiment described in Section 6.5 shows that significant corre­
lation exists between the attenuation in trabecular bone in the distal 
radius and in the lumbar vertebra but it does not prove that measurement of ji 
in the distal radius is a satisfactory indicator of the extent or degree of 
bone deterioration j.n the whole body. Nevertheless during treatment for the 
disease distal radius measurements may indicate general improvement. Therefore 
CT numbei' and dual energy measurements on the CT 5005 for any bone at any 
position in the body in conjunction with 1S0T0M measurements should confirm 
that distal radius measurement is a.good indicator of the-state of the body 
• .skeleton.
Table 5-5-3
The determination of calcium mass 
fraction and trabecular bone physical 
density for 079^52 and the determination 
of the jj. at 28 and 30 keV from CT5005 
scan of the lumbar vertebra (L2) in vivo.
ATOMIC NUMBERS ARE— -
• 2eeeiiE 
0.260000E 
I.700000E 
0.160000E 
0.230000E
0.600000E
0.820000E
0.800000E
0.320000E
0.300000E
0.5609S0E 2 - 0.830000E 2
HASS FRACTIONS ARE »
0.231032E -1 0.468040E
0.208568E -4 
0.256S46E -1 
0.716963E -3 
0.136879E -5
0.290000E
0.120000E
0.150000E
0.300000E
0.400000E
0.124190E -7
2 0.100000E 1
2 0.410000E 2
2 0.110000E 2
2 0.220000E 2
2 0.470800E 2
0.673902E -9
0.102983E 0 
0.117321E -4 
0.130881E -2 
0.228164E -7 
0.144407E -8 
98.80 8.88 0.88
82.00 39.58 30.08
0.468048E 0 0.162988E -8 0.102983E 9
38 8.548749E -8 8.189481E -4 9
9 8 8 0.366S68E 0 0.I13328E -1 0.138881E 
I8 8 0.143423E -3 0.482184E -7 0.228184E 
8  0.110799E -3 0.182949E -4 8
KILOVOLTS 148.88 130.80 120.00 110.00 100.80 90.00 0.88 0.88 8.88
EFF.ENERGY 88.00 75.00 72.00 88.00 83.00 82.00 39.58 30.08 28.00
SCALE AIR 474.80 482.00 490.80 500.00 510.30 500.80 588.80 580.00 500.00
LINHUliATER 8.184238.188020.190678.194740.198318.282438.208380.387830.43177 
HEHIHUHBER -2.65 -1.85 -0.92 0.29 1.40 2.83 3.84 41.88 46.97
EHIHUHBER -2.79 -1.71 -0.93 0.29 1.37 2.63 3.84 41.86 46.97
HUH/RHO 0.185940.189770.192740.197340.201390.206098.210620.423440,47836
HAT. HU 0.183210.187380.190310.194860.198860.203300.207960.420080.47233
FUNCTION UALUE IS* 12.64|0200000 HATERIAL OENSITY IS • 0.987400
TRABECULAR 0OHE 07983215]328HM RHO 0.9874 C'CC U.F. 0.9627179 „
X-rays of the vertebral section 
for corpse O79o3 2.
Figure 5*5*3
Note: Vertebra shown from top to
bottom are L2,L3,L;+,L5. L2 appears to 
be more dense than L3 which agrees with 
CT measurement.
X-rays of the vertebral section 
for corpse 229 99^ -
Figure 5-5
Note: Vertebra shown are from top to
bottom L1 ,L2,L3,L’+. L1 appears to be
more dense than L2 and L2 more dense 
than L3* The latter finding agrees 
with CT measurement.
5.0 Measurements made on. patients with abdominal bolus containing 
air and water tubes.
The measurements made with the special EMI phantoms, 
described in 4.5, show that the change in the CT number for air in the scan 
field is an indication of spectral change. Therefore many scans of patients 
were made using a special bolus bag, placed on the abdomen, containing five 
polyethylene tubes of 2.5cm diameter. The tubes were filled alternatively with 
air and water, the outer two contained water. The scan fields used for body 
scans are 520 and 400mm and the air scale factor for these fields for the 
full range of operating kilovoltages has been given in Chapter 4.
Also the air CT numbers measured in three of the post mortem scans 
were available for comparison. All post mortem scans and bolus air bag scans 
were made using the new flat field convolution in the versions V05 and V06. 
of the EMI software. The post mortem scan values are given in Tab. 5-3.1/3/4/6.
The calibration phantom, values for air for the 320 and 400mm scan fields 
are -472 and -469 at 140 KVp and -497 and -494 at 110 KVp respectively.
The values for the 240mm field are -475 and -500 at each kilovoltage. The 
CT number for air in the scan field is spectrally dependent and varies with 
field size and kilovoltage and the values for normal body shapes can be 
theoretically estimated. The measured values will depend on the average
tissue ray path length in the scan field and on the size and amount of bone
and the effective bone density and linear attenuation coefficient. By inserting
an air path into a complex tissue and bone path the change in detector
signal can be predicted from spectral studies and the CT number for air
determined from a knowledge of the exit mean spectrum energy.
As a result of spectral studies and phantom- and post mortem measurements
the value for air in the 320mm field for most normal body shapes should be
about -475 EU at 140 KVP and -500 EU at 110 KVp.For the 400mm field the values
should not change much from the values for the 320mm field. Nevertheless
the bolus bag air tube CT numbers will alter with spectral change in the
scan field, caused by tissue and gas movement as well as being dependent on 
patient size, shape and anatomy.
In addition to the results available for phantoms and post mortem scans 
the values obtained for multiple scans on two patients are given in Table 5.6.1
Table 5*6.2 gives additional results for the dual energy and dual wedge scans
• made as part of the haemachromatosis study described in Chapter 6.
The two examples given in Table $*6«i are extreme examples. The first(28) 
is an example of good patient stability and the second(38) is an example 
where patient movement has occurred in each of the scans. In the latter, 
movement artefacts were present in all scans apparently due to the movement 
of abdominal gas. It can be shown that for the first patient the average 
CT number for air for both tubes varied by - k EU and for the second the 
average CT number varies by - ^.5 EU but the right air tube gives a i- 6 EU 
error from the mean value for the third scan. In that scan the measured CT 
number for the liver v/as low and in the image the linear artefacts which 
produced the error were clear. Nevertheless the mean CT number for air for 
each patient was the same at -V76 ~ 5 EU at 1^ *0 KVp. Table 5.6.2 shows the 
CT air and water numbers for patient 28 at a different appointment ’when the 
scan was for liver iron mass fraction determination and it can be seen that 
the CT (air) numbers measured in bolus bag air tubes agree with the above 
conclusion.
It was concluded that the use of- air tubes and of water tubes in abdo­
minal bolus bags with the CT 5005 does not give an- accurate enough correction 
method for spectral error. It v/as clear that the scale air factors of -V?5 EU 
and -500 EU at each kilovoltage should be applied to the measured CT numbers 
to correct for spectral scale change for both field sizes v/hen liver scans 
are made and when dual energy differentials for the proper air scale of 
500 EU are required. Measurements made with the post mortem scans show that 
this is a reasonable correction'to make for scale errors, but good anatomical 
stability is necessary during normal scans and scanners with faster scan times
should produce more accurate results. With the present 20 second scan times on
+ _the CT 5005 the uncertainty of - 5 EU on the air scale factor which is probably
due to biological movement during a scan results in an uncertainty in the
corrected CT number for liver tissue of — 0.35 EU. The uncertainty in the scale
corrected dual energy differential is -0.6^ f EU and this is too large for tissue 
analysis.
Table 5.6.1
THE CHANGE IN THE BOLUS AIR TUBES CT NUMBER AT I^OKVp and THE 
CORRESPONDING CHANGE IN THE LIVER CT NUMBER FOLLOWING DEXTROSE 
INJECTION. MEASUREMENTS MADE AT 15min. INTERVALS.;
PATIENT
NUMBERr/ WEDGESIZE 320 mm
AIR RIGHT MEAN
28/1^0 36.5 -^8 0 -475 477.5
36 .2 -479 -472 475.5 .
36 .5 -475 -479 477.0
36 .4 -480 -47.6 478.0
35.7 -476 -474 475.0 .
33 .9 -475 -474 474.5
35 .3 -479 -476 477.5
35 .4 -473 -471 472.0
Mean Value
-4?7.1+1*. 1-474.6^4.4
-475.8*4.9 975." - 3-9
38 /140 30.1 -475 -477 9-76.0 1I
33.1 -479 -473 976.0 I
27 .2 -474 -469 971.5 j
31.1 -476 -479 9-77-5 . j
29.4 -481 -473 977.0
27.0 -z*77 -476 976.5
29.2 -476 -478 977-0
MEAN VALUES
-476.9*4.1 -475*0-6.0
...... -475.9+6.9-....
vOC c +1. h. ~ ( y  -• r«
Dual wedge-energy values bolus air,water and for liver,blood,
Item patient
number
3F4
Mean SD
3F1
Mean SD
6F4 
Mean SD
6F1
Mean SD
Bolus
Air 28 -476/ 10.8 -502 16.1 -481 8.11 -510 17.9
-480 8.32 -506 11.4 -479 10.3 -509 11.9
39 -479 7.18 -503 9.80 -476 6.75 -504 10.0
-4?8 7.18 -504 10.0 -477 6.64 -502 7.59
Bolus
Water 28 -1.09 10.0 2.49 12.8 -3.4 9.92 -9.33 11.1
39 -2 .0 10.5 -1 .2 13.5 -.75 6.60 -1.23 8 .08
Liver 28 35.2 11.5 37.5 16.1 32.6 8.97 35.1 13.6
39 29.1 10.4 31.5 14.6 30.7 7.68 33-1 10.8
Aorta
blood 28 21.5 11.5 23.3 17.2 25.4 8.17 25.5 10 .5
39 23.1 10.5 24.8 15.2 24.6 8 .83 25 .8 12 .0
F
3
6
if
1
last
320
^00 mn 
1*£> K7p 
110 KVa
Table 5.6.2
5*7 Summary
The change in the CT number with kilovoltage was analysed and it 
was concluded that spectral change existed in the scan field and, additionally, 
software operations to correct for spectral hardening aifected the value 
of the CT number measured.
Tissue and whole body movement during a scan affects’, the CT number value
as does abdominal gas movement. If true material stability v/as possible or
fast scan speeds v/ere available errors due to movement would be minimised.
Perfect stability was studied using post mortem scans. Four post mortem
studies were made to measure the change in CT numbers of body materials at
different kilovoltages and for different field sizes. The stability of the
+ *1“
anatomical measurements was shown to', be of the order” 0.15 EU to “ 0.30 EU
and the air scale factors measured using abdominal gas v/ithin the body were
475*5“ 2*5 EU at 1^ K) KVp and 500.5- 2.5 EU at, 110 KVp for the three corpses
used. The factors should be smaller in the larger field than in the smaller
field but the difference depends on spectral hardening corrections and
therefore on the amount and density of bone present in the scan.
The CT numbers for air and water standards in a special abdominal
bolus bag, used for the liver scans, showed that artefacts affected the
measurement, accuracy. These artefacts were generally due to abdominal gas and
tissue movement and often the artefacts were not obvious in the scan image.
Nevertheless, when multiple scans were possible for a single patient in the
same scan plane, such as during glycogen studies, the average value of the
CT number for air for all scans v/as equal to the 2^0mm calibration phantom
measurements. That ib the air scale factors were 476 -5 EU at 1^0 KVp using
the 320mm scan field, and the two air tubes in the special bolus bag. The error 
+ —
limits of - P EU were due to movement artefacts. When the air scale factor 
is used to correct the measured CT numbers for liver tissue an error margin 
of * 5 EU would introduce an error of * 0."6eu for the dual energy 
differential. This, is not acceptable as the maximum allowed for tissue 
analysis is * 0.30 EU (* 2.5 EU in the CT number for air).
The in vitro measurements made by RaO and Gregg and by Phelps,
Hoffman and Ter-Pergossian were analysed and lists of CT numbers for all of 
materials studied were obtained. The theoretical CT numbers for certain 
materials were obtained by calculation for comparison with the- listed values. 
A minimisation code v/as used to fit the theoretical tissue mass fractions and 
density to the in vitro material CT number lists.
The analysis showed that the CT numbers obtained theoretically were 
representative of tissue CT numbers and that the dual energy differential 
for normal tissue was less than +0 .5 EU though after air scale reconversion 
the differential measured is about +2.0EU. A differential of this magnitude 
can be measured in practice. The measurements made on post mortem tissue 
were compared with the theoretical tissue values and it was shown that 
dual energy differential measurements could be used for tissue analysis 
with good results. .
Two of the post mortem scans were used to scan vertebral 
trabecular bone in vivo and in vitro with collimation. A measurement of 
trabecular bone CT numbers using the 2AOmm and 320mm calibration phantoms 
and 5 ^  and 13mm collimators was described. The measurements showed that 
spectral differences between in vivo and in vitro scans are important. 
Software operations which correct for spectral hardening in body scans 
change the CT numbers. Also the dual energy differential measured in vitro 
was greater than in vivo by about 0.6 EU which is an reduction. 
Nevertheless, the experiment demonstrated a change in CT numbers for 
trabecular bone consistent with either a bone density gradient along 
the length of the vertebra or spectral hardening due to an increase 
in the effective bone density in the scan slice. Examination of the 
bone indicated that a bone density gradient existed in this case.
The third and fourth post mortem scans were made to examine more 
trabecular bone in vivo and in vitro. After extraction the bone was examined 
with an IS0T0M scanner to show that the CT5005 scans gave representative 
trabecular bone CT numbers in vivo and correct dual energy differentials.
The results shov/ed that the CT 5005 scans were representative and that 
a bone density gradient existed along the axis of vertebra.
If good stability and system accuracy can be obtained in
CT scans the measurement of CT numbers for tissues, body fluids and skeletal 
compounds permits the determination of true dual energy differentials.
This will allow the identification of tissue change by comparison with 
theoretical tissue. A dual wedge -energy method was tested on two post 
mortem bodies with good results. It seems that the body size, shape and 
anatomy as v/ell as bone content are the parameters controlling the accuracy 
of the dual energy differential measurement. The dual wedge- dual energy 
method was tested with haemachromatosis patients and' is described in 
Chapter 6.
• CHAPTER b
EXPERIMENTAL MEASUREI-IENTS MADE ON LIVING TISSUE. DETERMINATION OF IRON 
MASS FRACTION IN LIVER TISSUE, PERCENTAGE FAT IN LIVER TISSUE, CALCIUM 
MASS FRACTION IN TRABECULAR BONE.
6.1 Introduction
In order to test the theory and experiments suggested in previous chapters 
in the real antomical state it is necessary to scan patients and normal healthy 
persons. The normal scans were carried out in 1978 as a means of testing the 
quality of the reconstruction algorithm for the software available at the 
time. Asse^ment was made on the basis of the comparison of measured and 
theoretical CT numbers. Since that time the softv/are has been updated three 
times and the algorithm has been modified. Spectral hardening correction has 
been incorporated for body scans and new convolution algorithms for head scans, 
the effect of these additional modifications has been discussed in other 
chapters.
The normal scan for the liver, spleen and 
aorta were made on a subject who filled the 320mm scan field almost exactly.
A minimum amount of bolus was needed and the scan image was good. The normal 
head scan was made twice,using the R^ jOmra scan field , at .two operating 
kilovoltages.
Patients were scanned mainly for liver and trabecular bone 
studies and the detail of the method used is described here and in earlier 
chapters. For completeness, a single example of a lung tumour dual energy 
scan is described. The tumour was removed and a sample was removed and scanned 
in vitro using an elliptical phantom.
The measurement of CT numbers, in living persons is subject to 
many sources of error and every effort was made in the studies described 
in this chapter to maintain patient stability, both physically and biologically 
Therefore the use of any agent to reduce body gas v/as banned and the
scans which w e r e  affected by gas movement were rejected. Fortunately this 
did not happen often.
The availability of liver patients was arranged through The Royal 
Free Hospital and the bone patients w e r e  out patients of Northwick Park 
Hospital.
i
6.2 An examination of the CT numbers in liver and spleen tissue and in
brain tissue for a normal patient and of a lung tumour in vivo_____
and in vitro.
The study was made to obtain the CT numbers of normal 
liver, spleen and brain tissue to compare with theoretical CT numbers 
and to obtain the dual energy differential measurements for brain tissue.
The lung tumour was scanned in vivo and in vitro to test the reproducibility 
of CT numbers in the true anatomical state and in vitro after removal for lung 
tumours of this type.
6.2.1 Liver and Spleen scan.
A normal human scan was taken 
for a person who fitted the 320mm scan field almost exactly. Care was taken 
to centre the patient correctly in the field and no bone or tissue 
overlapped the scan field perimeter. The scan images are illustrated in 
Figure 6.2.1 and the measurements of CT numbers for the liver, spleen, 
subcutaneous fat, muscle, aorta blood and for the bolus bags above and 
below the body were made and are listed in Table 6.2.1. The scan was 
made using 100 KVp and the 160 matrix field. The 100 KVp was chosen since 
the effective energy of the scanner for this field size and body size 
v/as about 65 keV. The theoretical fit at 65 keV to the scan values is given 
in Table 6.2.2. The measurements of Rao, Gregg and of Phelps could be 
fitted using a least squares program to give the CT numbers for liver, 
spleen, fat, muscle and aorta blood,obtained by in vitro measurements,at 65 KeV. 
Also the theoretical study described in this thesis on the derivation of 
Cl numbers from ICRP and other data needed comparison with tissue CT numbers 
measured in vivo, as accurately as possible, using the' CT5005 scanner.
The results show that a difference of 5 EU in the CT number for 
liver and spleen tissue can be resolved by eye. Also, It could be seen 
that equal value CT numbers such as for the spleen and back muscle could 
be identified from the photographic image. Nevertheless, a change of 2-3 EU 
within an organ or between organs cannot be resolved by eye. It is
this level of resolution that CT numbers are needed for medical diagnosis.
6.2.2 Normal Brain Scan.
The photographic images are illustrated in 
Figure 6.2.2. The scan v/as made twice to enable measurement of the CT numbers.
. for brain tissue at 100 KVp and at lAOKVp. The scan v/as made as accurately 
as possible and total stability of the head was maintained for both scans.
Figure 6.2.1
The pictures show the body scan of a normal healthy human 
The scan was taken through the liver and spleen plane and a good image 
was obtained. The pictures illustrate the effect of reducing the CT number 
width and the eveness of the reconstruction. Note should be made of the 
fact that with a window width of 30 EU the number level in the liver is 
higher than that in the spleen and the back muscle. Also the body fits 
the scan field exactly with a small amount of bolus above and below the 
body.
«  P  
P
O
P u
as4-> > 
d *H 
P
d
O OS 
d P  d 4->
cq si •H O «H - o
Pi oto d
d §
OS E
E  P  d
S  P  c3 
d
Eh E d o u o o
OJ
vo
o
rH
P
dEh
CS d P  
p  _ ft 
Eh d cq
§
d
p
d
d
d
0
•H E  O-P CO VO
0 OJ r *
03 \  X
d >  O
d VO
O T"
O O  ,
O
O  X
r- -H
to d
d ft P
iCS f>  d
W  S
o 
CQ
A
OJ £ 
A  O 
A  rH 
P  • CQ 
CQ A'-'
OS
EH OJ
° s
d oj
01
CQ ‘
,—N
S
1 4-> 
£ p
P
P
as
3
O
CQ
d
d
A
§
d
d
d
§
d
d
>
P
dc
d
d
d
d
d
d
d
d
p
d
a  d A d 0c
d
O pp
A
P
p
p
A
P
•H
ft
i>3£5 to  <H to  «H P
•H O •H as
1 O d P d p *
CO vo
cj c" d d d d
\ X O 03 as as
> O ^3 )5 ft f t
d vO O O ft f t
-p v~ P P d d
d 0
Xd 0
T~ •H O ’O ’O ’O ’
d P 03 P
3 ft -P p P ;—>B
a > d
CO S
rH
rH
d
PO
CQ
CQ<U
>
CQ
as
d
o
d
•H
CQ
(D
-P
d
d
•H
d
doo
o
d
<D
P
E
d
s
EH
o
E
as
-p
H
OJ A-4* A  VO N- CO A
Er 
E' 
C  
OJ
'_'
■*-
o
ACSV
O
A
A-4* CM 
O  -d* OO • • •
A A A
OJ Q  IN O- -d- VO A  \r~ CSV
O O
A V Q C O  O  
• • • •
O O O O  
t- r- r* v-
CSV o
cso o
LA O  CO OV Ov CSV nj 
IN r “ OJ O- CSV A
CO r- O  GO OO OV Ov cO CO CO 
O J A A C M C M O J O J O J C M O J
dO 
O 
rH ft 
cq :
A
*
A A
*
A  A A
1
E
CO
c- CM A  -4 A  VO A-4" OJ A - 4  A  VO O'- OO A
■SS.
O
OJ
*
O
o’
a
O ’
p
p
O ’ O ’
g g .
o
CO • '
in-
co
CM
OJ
A
O
<§
R
A
CM
A
CM
O•
VO
A  O  
OJ O  • •-4 O
A A  VO 
CM VOt •
A  v -
[>- A  
A  O  • •'
O  CM
CO O  
CO VO (N 
. • • C"-O O • 
r- r- A
A  VO r  CO O  v~
VO -4 A A 1 N O  r- N- N- A
A  • • • A  • • IN A  •
• O O O  • O O • • OCOr-*-r-AT-*-AAr-
K~ vo A A O- -4 CO AcO 4  O VO A  CO
CM r~ OJ 00 A A O--4* IN O —j vo A  A• • • • > • • • ■ • • • • • •
A A -d* CM O VO A  v* CM OJ A CO A  CO
A A A -4" N- vo OJ A  A  A  OJ OJ OJ OJ
| 1 1 1 I 1 + + + + + + + +UJ Ui
d d
CQ IQ 0 0 p as
d p d 0 P as 0) p 1—1
0 P 0 p d P
§
P > d 0
as to
•H
d
as
§
p  
as 
1— 1
d
p
d
to
•H
d
p
d
as
p
O
'd
as
d
as
CQ
*• mm
p p 0 0 p d
d d d d p d p d »■ •» p P
0 O 0 as d O d as to to d P
p p p 5 p CQ ft P CQ ft d £ O tod O d d O d ft d ft p P < •H
CQ P ra CQ 1—1 d *- d d »- d d
d d p P CQ CQ d
P »-'a J4 ••"d d •- d d >3 d 0 P
0 P d O P d 0 p d 0 p P ■d p d 0 0
d d d d d d d d d >1 d 0 0 0 0 rH d
A P fd A f t  ft A ft ft PQ P p P p Z 4 JZ P
IN oO N- A  A  VO -4 A  
- H ' A V O O - C M t N A c O r - O J
A C M  A  A - 4  A  A  A - 4  -r* 
A  A  A  A  A  A  A  A  A  A
d
OS
>
•H
P
Table 6.2.2
ATOniC NUHBERS ARE*
0.2000016
i.29ee«8E
0.120000E
0.150000E
0.160880E
0.6BB0I8E
0.100000E
0.420000E
0.190000E
8.500000E
0.36000IE 2 I.1SIIIK 2
NASS FRACTIONS ARE .
0.590997E *4 0.102082E
6.I07452E -5 
0.39758IE -4 
0.354594E -3 
0.193416E -2
I.3SII00E
0.S30000E
0.700000E
0.370000E
8.3000002
0.170000E 
0.260000E 
0.800000E 
0.110000E 
0.400000E
0.193446E -6 0.440558E -3
0 0.265415E -8 0.279388E
0.536955E -7 
0.290129E -1 
0.23251IE *3 
0.644724E *3
0.462057E -3 
0.752188E 0 
0.193416E -2 •
0.263261E -3
90.00 0.00 0.00
02.00 59.30 30.00
0.107455E 0 
0.156186E -7 
8.166548E *2 
0.123622E *0
KILOVOLTS 140.00 130.08 120.00 110.00 100.00 90.00 0.00  * 0.00
EFF.ENERGY 80.00 75.00 72.00 68.00 65.00 62.00 59.50 .00 28.00
SCALE AIR 474.80 482.00 490.60 500.00 510.30 500.00 500.00 500.00 500.00
LINHUHATER 0.184230.188020.190670.194740.198310.202430.206380.387630.43177 
NEHINURBER 29.50 30.09.30.73 31.48 32.28 31.80 31.97 37.27 37.97
ERINUHBER 31.06 31.21 31.31 31.48 31.63 31.80 31.97 37.27 37.97
HUH/RHO 0.184130.187970.190650.194790.198410.202600.206610.391930.43714
HAT. HU 0.195680.199760.202610.207000.210860.215300.219570.416520.46457
FUNCTION VALUE IS* 9.5735860080 HATERIAL DENSITY IS * 1.062729 
P
AORTA BLOOD RHO 1.06273 C/CC V.F. 1.120828 188KV SCAN TEST
■ATONIC NUHBERS ARC-— . 8.358e08E 2 ■ 0.4808886 20.2808886
0.108088E
0.510800E
0.190000E
0.300000E
0.6088886
0.268000E
0.708000E
0.110080E
0.400000E
NASS FRACTIONS ARE .
0.1768086 
0.1288806 
0.808808E 
0.160000E 
0.390000E
0.290080E 
0.4200806 
0.150000E 
0.500000E 
0.530000E
0.274588E -5 ■■ ,■ 0.233690E -5 
0.210323E -2 0.701072E
0.18U09E -3 
0.701082E 0 
0.303812E -2 
0.934783E -6
0.105161E -5 
0.274588E -2 
. 0.338831E -6 
0.198650E -6 •
90.00 0.00 0.00
62.00 59.50 30.00
0.525809E -4 0.151895E
0.105162E 0 0.186946E -3
0.48491IE -5 0.297955E -1
0.262904E -2 0.105161E-2
0.496595E -4 0.648491E -5
KILOVOLTS 140.00 130.00 120.00 118.00 100.00 90.00 0. 0 0. 0 0.00
EFF.ENERGY 80.00' 75.00 72.00 68.00 65.00 62.00 59.50 30.00 28.00
SCALE AIR 474.80 482.00 490.60 508.00 510.30 500.00 500.00 500.00 508.00
LINHUHATER 8.184230.188620.190670.194740.198310.202430.206380.387630.43177 
NEHINURBER 31.59 32.19 32.86 33.63 34.46 33.92 34.07 38.87 39 51
EHIHUH8ER 33.27 33.40 33.49 33.63 33.76 33.92 34.07 38.87 39 51
HUH/RHO 0.183740.187560.190240.194368.197970.202130.206130.390650.43566
HAT. HU 0.196490.200580.203440.207840.211780.216160.220440.417760 46590
FUNCTION VALUE IS* 11.9720600000 HATERIAL DENSITY IS * 1.069401 
P
LIVER RHO 1.06940 G/CC V.F. 1.051619 108KVP SCAN TEST
T a b le  o f  f i t t e d  
CT numbers fo r  
l i v e r ,  sp leen  
and a o r ta  b lood  
measured fo r  
norm al human 
a t  100 KVp in  
320mm scan f i e l d .
ATONIC NUHBERS ARE— -- 0.138008E 2 0.560000E 2 - v ;
0.4800006 2 0.20I8I0E 2 0.6008006 1 0.1700006 2
0.290800E 2 0.100000E 1 0.2600886 2 0.120000E 2
0.510800E 2 0.708080E 1 0.808808E 1 0.150008E 2
0.198888E 2 8,U0800E 2 0.380080E 2 0-.160800E 2
0.500000E 2 0.300000E 2 0.350800E 2 0.900000E 1
HASS FRACTIONS ARE- - - - - « 0.359078E -6 . 0.738676E -8 %
0.740933E -6 0.683952E -4 0.U3993E 0 0.165289E-2
0.125369E -5 0.102593E 0 0.279281E -3 0.131084E -3
0.142482E -5 0.319179E -1 0.7409S6E 0 0.227984E -2
0.319181E *2 0.125390E *2 0.296496E -7 0.165289E -2
0.153890E *6 0.182381E -4 , 0.450274E -5 8.182391E -5
KILOUOLTS 140.00 130.00 120.00 110.00 100.00 90.80 0.00 0.00 0.00
EFF.ENERGY 80.00 75.00 *72.00 68.08 65.00 62.00 59.50 30.80 28.00
SCALE AIR 474.80 482.00 490.60 500.00 510.30 500.00 500.00 500.00 500.00
LINHUHATER 0.184230.188020.190670.194740.198310.202430.206380.387630.43177 
NEHINURBER 26.33 26.94 27.58 28.36 29.17 28.85 29.10 37.24 38.34
EHINUHBER 27.73 27.95 28.11 28.36' 28.58 28.85 29.10 37.24 38.34
HUH/RHO 0.183500.187350.190040.194200.197840.202050.206080.393040.43861
HAT. HU 0.194450.198530.201390.205790.209650.214110.218390.416500.46481
FUNCTION VALUE IS* 7.3347508080 HATERJAL DENSITY IS * 1.059700 
F
SPLEEN . RHO 1.8597 C/CC V.F. 1.025939 100K^ SCAN TEST .
Table 6.2.5
Normal Brain Scan 2-i0 mm Field
KVP Item Sample 
Area
CT.No.
Mean
(EU)
SD Rad.
PX
D
EU •
CT.No.
Theory
EU
CT.No. 
Theory 
. 120 KVp
dt
ibo/
100
dt
ibo/
110
g/cc
.1 ‘To Brain R.Lobe 16.02 2.68 6 16.17
100 u 18.00 b.82 6 1.98 18.00 ■16.97 1.83 1.31 1.03286
1 to L.Lobe. 16.20 2.93 6 16.31
1.00 tt 18.15 • b.,59: 6 . 1.95 18.15 17.12 1.8b 1.32 1.03316
1b0 it 1b. 6b 3*b5 30 ;1b. 58
100 ■» 16.29 5.06 30 1.65 16.29 15-33 1.71 1.12 1.02952
Tab. 6.2.3
.Note .
Theoretical dual energy differentials (D^ ) have been calculated by 
converting the true scale (S=500 EU) calculated ElII numbers to the 
measured scales at each KVp; that, is MEMI numbers (Table 6.2.3/b)
Figure 6.2.2
The two photographs illustrate normal brain scans at 1b0 KVp 
and at 100 KVp. The scan slice was taken through the caudate nucleus and 
the thalamus to allow comparison of CT numbers between normal and diseased 
•tissue in the brain. The scan images are good and were obtained using the • 
normal scan speed and not the usual slow 60 second speed. The separation 
of grey and white matter is clear at both kilovoltages.
The scan speed was for a 20 second scan to minimise the dose to the head.
The image quality obtained was very good and grey and white matter can be 
resolved.
Quantitative measurements were made and the results are given in 
Table 6.2.3. The agreement with values calculated from ICRP Reference Man and 
based on the brain tissue densities listed in Tables 6.2.3/b shows that the 
measured CT number for both kilovoltages and the correct dual energy differen­
tial can be calculated. In order to check the effect of spectral hardening 
correction factors in the software a second experiment was designed to measure 
the CT number for water'within a normal skull. A human skull was used of normal 
dimensions and was placed in a polyethylene cylinder filled with water, all air 
v/as excluded and the skull enclosed in the normal bolus bag arrangement. The 
measurement gave the CT number for water in the skull of 7«b9 EU at ibO KVp and
9*10 EU at 110 KVp. The polyethylene cylinder containing only water v/as then
scanned with bolus and the CT number for the water was 7-20 EU at ibO KVp and 
7.69 EU at 110 KVp. The results are given in Table 6.2.6. These measurements show 
that beam hardening correction is optimised for lb0 KVp and not for 110 KVp as 
the CT number for water with and without the skull is approximately the same.
A further test was made by making dual energy scans with a patient .
suffering from Huntington*s Chorea. The progress of this disease produces large 
volumes of ventricular CSF but the remaining brain tissue is not significantly 
affected. The results of this scan are given in Table 6:2.7. Measurements were 
made in both sides of the brain as shown. The CT number level for the left was 
higher than for the right but the dual energy differential was higher for the 
right than for the left. Comparison with theory showed that the measured 
differentials agreed with' theory to - 0.2 EU. The measurements for cerebral 
spinal fluid are also given in Table 6.2.7, and there is good agreement v/ith 
theoretical values given in Table 6.2.5.
In addition to the CSF fluid measurements the presence of calcium in the 
left rear ventricle resulted in a high measured differential for CSF as shown 
in Table 6.2.7« The calcium mass fraction in CSF v/as increased theoretically 
until CT numbers and differential agreed v/ith measurement. The results are given 
in Table 6.2.5.
The conclusion reached is that CT number measurement and dual energy' 
diiferential for brain tissue and CSF gives good agreement v/ith theoretical CT 
numbers. Therefore changes in tissue and fluid elemental composition and density 
are measurable v/ith single field (2if0mm) dual energy scans of the head with 
minimum bone thickness in the scan slice. Also the quantity of calcium in, the 
CSr present in the scan slice can be estimated. Accuracy depends on artefact 
free scans and that measurements are confined to the central area (10cm. diameter) 
of the image.
ATONIC NUHBERS ARE— *
O.200800E
0.188000E
0.510000E
0.190000E
0.300000E
600008E
260000E
700080E
110000E
400000E
0.130000E ' 2  ^ 0.560000E 2
NASS FRACTIONS ARE »;■
0.17080OE
0.120000E
0.800000E
0.380000E
0.358000E
0.290000E
0.2S0000E
0.190000E
0.160000E
0.900000E
0.243653E -6 8.493960E -8
8. 0.235218E -2 0.59644IE
•4 8.131212E -3
8.730859E 8 
8.243933E -7 
0.714024E -6
0.285589E -6 
8.352828E -2 
8.176414E -2 
0.151212E -9
98.88 8.88 8.89
62.88 99.58 38.88
8.80
28.80)
0.924068E -4 0.134487E
8.189208E 0 0.946837E -
8.697289E -6 8.126010E >1
0.318821E -2 0.18481IE *2
0.126010E -4 8.268819E *9
KILOUOLTS 148.88 138.80 128.88 110.80 108.00
EFF.ENERGY 88.88 75.08 72.00 68.80 65.00 . . . . . . . . . . . . . .  . . . . . .
SCALE AIR 474.88 482.08 498.68 588.88 518.38 588.80 588.88 588.80 588.88;
LINHUHATER 8.184238.188828.198678.194748.198318.282438.286388.387630.43177 
NEHINURBER 16.17 16.96 16.97 17.48 18.00 17.82 18.88 23.75 24.52
EHINUHBER 17.02 17.18 17.38 17.48 17.64 17.82 18.00 23.75 24.52
HUH/RHO 8.184440.188380.190998.195148.198788.282980.287888.393120.43854
HAT. HU- 8.198310.194480.197268.201958.205310.209658.213818.486040.45295 
FUNCTION UALUE IS« 8.4806369000 HATERIAL DENSITY IS ■ 1.032861 
p ■■
BRAIN RHO 1*. 03286 C/CC U.F. 1.008082 _  1
ATONIC NUHBERS ARE- - - . 0.130000E 2 0.560000E 2
. 0.200008E 2 8.600808E 1 0.178000E 2 0.290000E 2
0.100000E 1 0.260000E 2 0.120000E 2 0.250000E 2
0.510000E 2 e.708000E 1 * 0.800000E 1 0.150000E 2
0.190000E 2 f 0.110000E 2 0.380000E 2 8.160000E 2
0.30000BE 2 8.480000E 2 8.3508B0E 2 8.900800E 1
HASS FRACTIONS ARE- - - . 0.243653E -6 0.493960E -8
0.924068E -4 8.134407E0 0.235218E -2 0.596441E -5
8.189208E 0 8.546837E -4 8.151212E *3 0.285589E -6
8.697289E -6 8.126818E -1 0.730859E 8 8.352828E -2
. 8.310821E -2 0.18481IE -2 8.243955E -7 0.176414E -2
0.126018E -4 0.268815E -5 0.714024E -6 . 0.151212E -5 t
KILOUOLTS 148.88 138.88 128.80 118.88 188.88 98.88 8.88 8.88 8.80
EFF.ENERGY 88.88 75.88 72.00 68.08 65.88 62.88 59.50 30:08 28.08
SCALE AIR 474.88 482.88 498.68 588.80 518.38 588.88 588.88 580.88 588.88
LINHUHATER 0.184230.188828.198678.194748.198310.202438.286380.387630.43177 
HEHIHUHBER 16.31 16.71 17.12 17.63 18.15 17.97 18.15 23.98 24.68
EHINUHBER i 17.17 17.33 17.45 17.63 17.79 17.97 18.15 23.98 24.68
HUH/RHO 0.184448.188388.198998.195140.198788.202980.287080.393120.43854
HAT. HU ,< 8.190560.194540.197320.281610.205370.209710.213870.486160.43308 
FUNCTION VALUE IS« 0.3098935000 HATERIAL DENSITY IS > 1.833161 Ip. / ■ . . , -
BRAIN RHO 1.03316 C/CC V.F. 1.008082 _ { ’
Table 6.2. h
Table of fitted' 
CT numbers for 
head scan of 
normal brain at 
. 1'fO and 100 KVp, 
giving dual 
energy difference 
and theoretical 
CT number at 
120 KVp.
ATONIC NUHBERS ARE * > 0.130008E 2 '-v 0.560000E 2
0.200000E
0.100000E
0.510000E
0.190000E
8.300000E
0.600000E
0.260000E
0.700000E
0.110000E
0.400000E
0.170000E
0.120000E
0.800000E
0.380000E
8.350000E
0.290000E 
0.2S0000E 
0.150000E 
0.160000E 
8.900000E
HASS FRACTIONS ARE-*— # 
0.924068E -4 8.134487E
0.109208E 0 
8.697289E -6 
8.318821E -2 
0.126818E -4
8.243653E -6 0.493960E -8
0 - 8.233218E -2 8.596441E
8.151212E -3 
8.730859E 0 
8.243955E -7 
0.714024E -6
8.285589E -6 
■ 0.352828E -2 
0.176414E -2 
8.151212E -5 
91.08 0.88 0.00 0.00
62.00 59.58 30.00 28.08
8.546837E -4 
8.126818E.-1 
8.18481IE -2 
8.268815E -5 
KILOUOLTS 148.08 138.00 128.88 110.00 108.08
EFF.ENERGY 88.00 75.00 72.00 68.80 65.00
SCALE AIR 474.80 482.00 400.60 500.08 518.30 500.08 508.08 508.00 580.88
LINHUHATER 0.184230.188020.190678.194740.198318.202438.286388.387630.43177 
HEHIHUHBER 14.58 14.95 15.33 15.80 16.29 16.15 16.33 22.06 22.83
EHINUHBER 15.35 15.51 13.62 15.80 15.96 16.15 16.33 22.86 22.83
HUH/RHO 8.184440.188308.198998.195140.198788.282988.287888.393120.43854
HAT. HU 0.189890.193860.196638.280900*.204640.208970.213110.404738.45149
FUNCTION VALUE !S> 0.2678150000 HATERIAL OENSITY IS • 1.029521 .
P
BRAIN RHO 1.02932 C/CC U.F. 1.808082 _
Table 6.2.5
, 8.120OOOE 2 ‘ I 
8.190088E 2 0
0.100B80E 1 0.
0.100000E 1 0,
HASS FRACTIONS ARE- 
0.426819E -2 0.
8.265755E -4 0.
0.966382E -4 0,
700008E t 0.800000E 1 0.150800E 2
110000E 2 8.16000BE 2 0.100000E 1
I08000E .1 0.I00000E 1 0.100000E 1
100000E 1 0.100000E 1 0.I00000E 1
0.442922E -4 0.128850E -3
128818E -6 0.104688E 0 0.338233E -6
434872E -4 0.885850E 0 6.144937E -4
48319IE -2 8.S23489E -3 0.000000E 0
088000E 8 8.000000E 8 8.880000E 8
KILOUOLTS 140.00 130.00 128.00 118.00 100.00 90.00 8.00 8.88 8.00
EFF.ENERGY 80.00 75.08 72.00 68.00 65.00 62.00 59.50 30.00 28.00
SCALE AIR 474.80 482.00 490.60 500.00 510.30 580.00 500.00 508.00 580.00
LINHUHATER 0.184230.188020.190670.194740.198310.202430.206380.387630.43177 
HEHINUHBER 3.32 3.71 < 4.03 4.51 4.97 5.28 3.68 18.27 19.99
EHINUHBER 3.50 3.85 4.11 4.51 4.87 5.28 5.68 18.27 19.99
HUH/RHO 0.184060.187980.198720.194950.198670.202968.207080.398630.44558
NAT. HU 0.183520.189470.192230.196500.200240.204570.208720.401790.44903
FUNCTION VALUE IS* 3.6988510000 HATERIAL DENSITY IS * 1.007941
9 . . . .
CSF- RHO 1.00794 C/CC V.F! 0.9603823 _
ATONIC NUHBERS ARE-— » 0.200000E 2 0.600000E 1
•170B00E 2 0.290000E 2 0.10000BE 1 8.2688886 2
0.120000E 2 0.700000E 1 0.800000E 1 0.150000E 2
8.190000E 2 8.1100B0E 2 0.160000E 2 0.1000B0E 1
8.100000E 1 .0.100000E 1 0.100000E 1 0.100000E 1
0.108008E 1 t 0.100000E T  0.100000E 1 0.100000E 1
HASS FRACTIONS ARE— -» 0.413843E-2 8.128323E -3
0.425871E -2 0.12829IE -6 8.104239E 8 8.3368486 -6
0.264667E -4 8.433891E -4 0.882223E 0 0.144363E -4
0.962425E -4 8.481212E -2 0.521346E -5 0.0088806 8
0.080008E 8 8.8888886 0 0.800808E 0 0.8888886 0
0.0888886 0 8.8888086 0 S.088008E 0 0.808006E 0
KILOUOLTS 140.80 138.00 120.08 110.80 180.00 90.88 0.00 8.00 0.08
EFF.ENERGY 88.88 75.88 72.00 68.80 65.08 62.68 59.50 30.80 28.80
SCALE AIR 474.88 482.88 498.60 580.88 510.38 588.00 588.80 580.88 508.88
LINHUHATER 8.184238.188820.198670.194740.198310.202430.206388.387630.43177 
HEHINUHBER 4.68 5.39 6.821 6.98 7.98 8.62 9.46 35.79 39.36
EHINUHBER 4.84 5.59 6.13 6.98 7.74 8.62 9.46 35.79 39.31
HUH/RHO 0.184818.188898.191768.196190.288888.284598.288920.412690.4627!
HAT. HU 8.186820.190139.193618.197460.201380.205920.218288.415388.4657?
FUNCTION VALUE 16* 5.6040378888 HATERIAL OENSITY IS * 1.886528
9
CSF '♦ CALCIFIEO IN VENTRICLE RHO 1.80652 C/CC. V.F. 0.9624255.
Table of fitted 
CT numbers for 
head scan of 
diseased brain, 
at 1-'iO & 110 KVp; 
giving D.E.Diff. 
and densities 
of CSF and brain 
tissue. The 
quantity of 
calcium in Choroid 
plexus is 
estimated.
RT0HIC NUHBERS ARE-—
IHASS FRACTIONS ARE-— .
0.208000E 
8.laeeeoE 
0.518800E 
0.198888E 
8.3008106
0.600000E
0.2688808
0.700000E
0.110000E
8.400000E
8.1300802 2 0.5688088 2
8.924068E -4 
0.189288E 0 
8.697289E -6 
8.310821E -2 
8.126810E -4
1 0.178888E
2 0:1288088
1 8.880000E
2 8.380080E
2 0.350000E
8.243653E -6 ■ 
8.235218E -2 
0.151212E -3 
0.730859E 8 
0.243955E -7 
8.714024E -6
0.298888E
0.250800E
0.150000E
8.160000E
0.9808888
8.493960E -8,
0.596441E -5 
0.285589E -6 
0.352828E -2 -
0.176414E -2 
0.151212E -5 
90.08. 8.80 8.00
62.88 59.58 38.80
0.1344078 8 8.235218E -2 
8.546837E -4 0.151212E -3 
8.126810E -1 0.730859E 8 8
6.184811E -2 0.24395 E -7 8
0.268815E -5 , -6 8
KILOUOLTS 140.00 130.00 120.00 110.00 100.00 0 0. 0 0.00
EFF.ENERGY 80.00 75.80 72.88 68.08 65.80 0 30.80 28.00
SCALE AIR 474.80 482.80 498.60 580.88 510.30 580.80 580.80 508.00 588.08
LINHUHATER 0.184230.188828.198670.194748.198310.202430.286380.387630.43177 
1EHINUHBER 15.81 16.28 16.68 17.10 17.61 17.44 17.62 23.37 24.14
EHINUHBER 16.64 16.88 16.92 17.10 17.26 17.44 17.62 23.37 24.14
1UH/RH0 8.184440.188388.198990.195140,198788.282980.287800.393128.43854
1AT. HU 0.198378.194341.197128.201488.285168.289498.213650.405748.45262
-UNCTION UALUE IS* 0.4153368888 HATERIAL DENSITY IS * 1.832181 
> N
BRAIN RHO 1.03210 C/CC M.F.. 1.000002 J
Table 6.2.6 I   “ . * '  .
Scan of skull v/ith water collimator width 13 mm
KVP Item CT Number Sample Area Differential
Mean (EU) Radius (PX) D
140 Water 7.20
only
110 *» 7 .69
140 V/ater in 7.49
110 Skull 9.10
25
25
23
25
0.49
1.61
Table 6.2.7
Patient (Huntington’s Chorea) Collimator width 13 mm
KVP Item Sample CT.No. SD Area D CT.No.
Area Mean PX • Meas. Theory g/cc
EU EU EU
140 CSF L.Front 3.53 
110 Horn 4.51
2.97 52 3.32
4 .54 52 O .96 4.51
DT
EU
1.00794 1.19
Ca.m.f. 0.000044
1^ *0 CSF L.Rear 4.59
110 Ven- 6.98
tricle
3.37 52
140 Brain Thala- 15.z*0 3-29 308
4.60
4.02 52 2.39 6.98 1.00652 2.38
Ca.m.f. 0.004138
110
15.52
mus R. 16.80 4.30 308 1.40 1 6.80 1.03151 1.28
Lobe Ca.m.f. 0.000092
140 Brain . Thala- 16.00 3..43 308 15.81
110 mus L. 17.10 3-84 308 1.10 17.10 1.03210
Lobe Ca.m.f. 0.000092 
[Table 6*2.4]
1;29
6.2.3 Results from a lung tumour scan
The scan was made at two kilovoltages l^ iO KVp and 100 KVp the photo- .
graphs are illustrated in Fig* 6.2.3* The CT numbers wore obtained for the .
areas shown and the scale corrected differential was calculated to be -0.8 EU
and the physical density of the tumour was estimated as 1.06 g/cc from the
measured CT numbers. After surgery a central soli d sample of the tumour was
obtained and.scanned in. a phantom. The measured values were 22.3 and 21.8 EU.
at 110 and 1 'iO KVp respectively. The scale corrected differential calculated
■was -1.1 EU and this agreed with the in vivo measurement differential. A
differential'which is negative in the scale for which the scale factor is
300 EU indicates the presence of fat. The large positive* CT number measured
in vivo indicates material of a compact nature, such as collapsed lung.
Pathological examination of the tumour confirmed this as it was.mainly a 
mass of connective tissue,, fatty in appearance and enclosing small amounts
(20-30%) of collapsed lung tissue. Collapsed lung tissue has a physical density 
about '1.0p g/cc, a differential (1 *>0/100') of +0.9 EU and a CT number at 
1 ''0 KVp of 22.6 EU. Theoretical CT numbers for inflated and deflated lung 
tissue were derived from I(TRPKef. Man and are given in Table 2.7*1*
The choice of the site which is used to obtain the CT numbers is important 
and artefact error must be minimal. In order to confirm the best site for 
the measurement a CT number profile was determined for both scans along a 
line through the lung and tumour as shown in Fig. 6.2.6. The points were 
obtained by calculating the mean CT number in a sample of 3 pixcells radius 
along the line. Each circle sampled overlapped, by 3 pixcells, the previous 
area sampled.
Fig. 6.2.3 Scan images of lung scan with tumour at 1*i0 KVp and 100 KVp.
Artefacts in image prohibit accurate measurement. Artefacts are 
caused by tissue movement (heart).
Mean CT No. value for overlapping 'SPxJRAD.1 areas. Lung tumpur.
CT 100 
No.
o-
-100 -
-200 —
-300 —
-400—1
Linear artefacts( positive and 
Dual energy negative.)
differential 
(no scale 
correction)
+ 15 T.U
— . 15 EU
Dual .energy 
differential 
(no scale 
correction)
No linear artefacts but partial volume, 
errors.
Neutral points
Posterior lung
Normal lung
a 100 kvp scan 320 
o 140 kvp scan 320
Patient on back for scan.
I I- “ 1 I 1----- 1-----1----- 1-----1----- 1----- 1
120 130 140 150 160 170 180 190 200 210 220 
Matrix ( y value)
Fig. 6.2.6
The plot of moan CT numbers measured along a line through normal lung tissue
and a lung tumour. The CT numbers were calculated from overlapping areas of
3 pixcell radius. The identification of artefacts is made using the scan 
picture and the above profile. There was no obvious artefact (linear) pro­
ducing CT number error in the 'No artefact region', in the Figure. The
magnitude of CT number differential at the artefacts is shown.
patients.
6.3.1 Introduction.
Liver disease has been investigated by several groups, Sherlock(1977)i Stephens 
(1977), Mulhern(1979), Mategrano(1977), Levitt(1977)» Kreeld977) and Chapman
and Williams (1.930).
Haemachromatosis is a liver disease which results in an increase in
the hepatic iron concentration. The ususal method of determining the extent
of the disease is by liver biopsy.
Dual energy computed tomography was used to estimate the hepatic iron
concentration in eight patients with primary haemochromatosis with varying 
degrees of iron overload,
Physico-chemical measurement of iron concentration in tissue obtained 
at liver biopsy is the most reliable index of total body iron stores in 
primary haemochromatosis, Batey(1973)•.
The presence of increased hepatic iron in this disease may be inferred 
by computed tomography but the use of C.T. for the quantitative estimation 
of hepatic iron has not previously been described in primary haemochromatosis.
In this study estimates of hepatic iron concentration obtained with 
computed tomography by the use of a dual wedge/energy technique were com­
pared with results obtained by chemical analysis of liver biopsy material.
6.3*2 Technique
Seven male and one female patients were studied. The diagnosis of 
primary haemochromatosis was established by means of an elevated liver iron 
content in the absence of another cause for siderosis. In two cases there 
was a positive family history. All patients had had a liver biopsy within 
six weeks of their CT scan and no patient had been venesected (bled) between 
the time of CT scan and biopsy. Haemosiderosis is a liver disease associated 
with an increase in liver iron due to the build up of haemosiderin.
6.3 .3  Iron studies
Serum iron, total iron binding capacity and percentage iron saturation 
of iron binding capacity were measured using standard laboratory methods.
Serum ferritin was measured by a radioimmunoassay technique1 Addison(l972).
Percutaneous liver biopsies were performed using Menghini needles and 
tissue was examined histologically grading the iron content according to 
the criteria of Scheuer (19o2). Iron was measured chemically in the biopsy 
samples by the method of Sherlock and Barry(l971).
6*3 .6 Experimental Method
An EKE CT 5005 scanner was used with experimental V05 new convolution 
software. .Using post mortem scans, liver CT numbers were generally 
reproducible to ± C.2 EMI units at 160 kVp and ^ 0.3 EMI units at 110 kVp.
Patients were scanned v/ith abdominal bolus bags incorporating water
and air controls. Four 20 second clockwise scans of the liver were obtained
in the same position for each patient at 160 kVp and 110 kVp for 600 mm
and 320 mm wedge fields.      -
CT attenuation values for liver, aortic blood and venous blood samples
were obtained. These values were air scale corrected and compared with the
difference in liver and aortic blood attenuation values v/ith the same.wedge
at different energies, the dual energy differentials (DED), were determined.
A venous sample to act as control taken and placed in the centre of a
calibration phantom which was scanned at 160 and 110 KVp.
The theoretical DED for liver containing iron at different effective
energies was calculated from mass fraction lists (ICRP.1975) ^y varying
the iron mass fraction while adjusting the mass fraction of all other elements
to keep the total of the mass fraction at unity. The normal liver iron mass
fraction shown in Table 6.3-1 corresponds to a value of 75 ug/100 mgm in dry
tissue, this value was obtained from ICRP (Ref. Man) (1975)•
Comparison of the experimental and theoretical DED's enabled an estimate
of the liver iron content to be made.
6.3.5 Results '
The results of the iron and CT studies are shov/n in Table 6.3-1- The 
iron content measured chemically at the Royal Free Hospital and using the 
Sherlock-BarryO971) method varied from normal in a treated patient,
to about 66 times normal ICRP levels in a patient who had not been 
venesected. The chemical liver iron correlated closely with the CT estimate 
of liver iron (correlation coefficient = O.989, (^ < 0 .001), Figure 6.3.1.
Liver attenuation values at 160 kVp using the 320 and 600mm wedge pairs 
were plotted against chemical iron concentration in Fig. 6.3.2. The correlation 
between single energy attenuation values and chemical liver iron was less 
exact (correlation coefficient = O.8599, p<0.0l).
6.3 .6 Conclusions
Although liver biopsy is accepted as the most reliable technique for 
the estimation of iron stores it is." invasive and carries some morbidity 
and mortality. The close correlation betv/een CT estimates of liver iron 
and the chemical iron results suggests that CT may provide an a.ccurate 
alternative. The technique might also be of value in screening relatives 
of patients v/ith primary haemochromatosis and in other diseases associated 
with iron overload such as Thalasaemia..
as drift of the KVp setting 0^  - 0.2 kV), excessive photomultiplier gain 
(< 2K integrated output), the partial volume effect and artefacts. Reducing 
the collimator width and repeating a scan showed partial, volume errors. The 
use of blood as an in vitro and in vivo control provides a correction for
spectral errors due to variation in patient size and anatomy.
A variation of 10 EMI units in the attenuation value of liver may be 
produced by variation in the physical density of liver within the normal 
range of 1.05 to 1.07 g/cc, equivalent to a change in iron content of 
about 2000 ^ igm/100 mgm dry tissue ,Rao and Gregg(l975)« ,^^le strong dependence 
of the dual energy differential on' the concentration of elements of high 
atomic number allows separation of these two effects. Using a single energy 
technique Houang(1979) et al found a linear-relationship between; CT numben 
number and iron concentration, in thalassaemia major. In this study with 
lower liver iron concentrations single energy CT values didnot give such 
a close correlation. In addition an abnormal DED indicating a raised 
iron concentration may be found even when liver attenuation values are 
within the "normal1' range (variously quoted as 25.5 to hj.o EU, 31 - 7 EU 
and, 26.'+. - EU) .
This technique appears to provide an accurate non-invasive measure of 
liver iron concentration which may hav.e clinical application in primary 
haemochromatosis and other iron overload states.
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The measurement of percentage liver fat v/ith an EMI CT 500? scanner
using dual wedge/energy scans and comparison v/ith liver biopsy for 
11 patients
6.^.1 Introduction
The accuracy of CT diagnosis of fatty infiltration of the liver was 
assessed by comparison of the appearance of the imaged liver tissue and 
single and dual energy CT numbers with chemical analysis of liver biopsies 
in a group of eleven patients. Naked eye appearances only indicated fatty 
infiltration with levels of greater than 40 %  by weight, single energy 
values showed a general decrease with increasing fat concentration but could 
still be in the normal range with bO %  hy w.eight fat content. Dual energy and 
wedge scans enabled correct determination of fat content in several cases but 
the small differentials (1'i0/110) involved were susceptible to error due 
to partial volume and' artefact. Fatty infiltration of the liver is found 
in alcoholism, diabetes, ulcerative colitis, Reye*s syndrome, and a variety 
of toxic and nutritional states. Diagnosis has previously depended on histo- 
ligical and chemical analysis of fat in liver tissue obtained by biopsy but 
the advent of body computed tomography (CT) has provided a non-invasive 
technique for the demonstration of this condition. The characteristic CT 
features are a low radiological density (or CT number) within the liver and 
in severe cases prominence of the intrahepatic vessels against the low density 
liver background.
Experimental studies in animals have shown a general tendency for CT
numbers to decrease with increasing fat concentration, though the relation­
ship has not been precise and has differed in the two species tested. In 
rabbits with fatty infiltration induced by carbon tetrachloride a decrease 
12 - 20 CT units (EMI) reflected a triglyceride concentration of 20— K^Dmg/g 
liver, Ducommun(1979) • In dogs with fatty infiltration following pancreatectomy 
a CT number drop of 1 unit (EMI) occurred for every 10 - 15 mgm of 
triglyceride/gram of liver., Goldberg(1979).'
Scherer(l979) with human liver specimens obtained at post mortem a 
range of CT numbers in fatty liver 10 - 77 Hounsfield units which overlapped 
uhe normal liver range of 51 to 86 HU. In addition b- different livers, all 
with 60 %  fat had CT numbers ranging from 57 to 66 HU and clearly visible 
intrahepatic vessels were only visible at a level of 70 % fat or greater.
In order to evaluate the accuracy of the CT diagnosis of fatty infil­
tration in humans i n  v i v o ,  naked eye CT assessment, monoenergetic,
%
and dual energy determinations of CT numbers were compared with chemical 
analyses performed on liver biopsies.
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Photographs illustrate 
severe fatty infiltration of 
the total liver for the same 
patient described in the case 
report. Also the area of 
interest for the % fat 
study is outlined by the 
circular or irregular 
line.
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6.4.2 Technique
Ten patients with suspected fatty infiltration of the liver were 
scanned on an EMI CT 3005 scanner at 140 KVp and 110 KVp for 320 mm and 
400 mm diameter fields. All scans were made in a clockwise direction' 
corresponding to the direction that four calibration scans were made.
The scan time was 20 seconds and all four scans were repeated in 
the same slice position for each patient. The error in scan position was 
- 0.1 cm and patient stability was kept within this limit. Nevertheless 
tissue, gas and fluid movement can introduce, sometimes, severe artefacts 
in the image and if this occurred a scan was repeated. It was essential 
that all -four images- were anatomically identical and every effort was made 
to produce this degree of image stability.
6.4.3 Theoretical Studies
An increase in the percentage fat as a proportion of liver cell volume 
in liver tissue v/ill reduce the attenuation of photons in liver. This is due 
to an increase in the carbon and reduction- in the oxygen mass fractions. 
Consequently, the measured CT numbers and the dual energy differential (DED) 
v/ill change from normal values. Table 6.4.1 gives the theoretical measured 
and scale corrected CT numbers for constant density liver tissue,
(p = 1.0695 g/cc), v/ith increasing % fat in the liver. In practice the 
presence of fat (p  - O .98 g/cc), v/ill reduce the effective density of 
liver tissue but the DED is not very sensitive to physical density change. 
Therefore measurement of the DED will give the % fat directly and if the 
density of fat and liver are known then the % fat can be derived from the 
CT number measured at one kilovoltage. Figure 6.4.1 gives the theoretical 
measured CT number at 110 KVp (S=500 EU) at different effective tissue densities 
for varying amounts of percentage fat. The change in fat level is .in 10 steps 
from 7-100 /o, this is the change in the difference in fat level from 
normal liver tissue to total fat. The normal tissue percentage fat is 7 %
(Ref. Kan)so that each step in Fig. 6.4.1/2/3 is in fact 9-3% true fat.
Therefore each step change is 10 % of the 93 % differential between normal 
fat level and total fat. The accuracy of ICRP Reference Man (1975) is uncertain 
and the % fat level quoted may not be related to the mass fraction lists 
given for the elements in the tissue. The correct level could be much less 
than 7 /», but it was decided to divide the estimated difference in fat 
levels into 10 equal steps.
Figure 6.4.2 gives the change in the CT number measured at 110 KVp 
with % fat and fat density for an initial liver density of 1.07 g/cc.
M18.6 S10.5 P112
320mm 140 KVp
3F4 1001531-01 L+61 W150 M18.1 S10.0
P1232
M26.2 315.0 P112
320mm 110 KVp
3F1 L+61 W150 M19.4 SI3.3 P1232
l
r ? f e T % ^ r S "
M+22.8 S8.86 P52
400mm 1^ K3 KVd
6F4 L61 W150 M18.7 S7.87 P608
Figure (>.M.5
Continued
I
M24.1 S9.58 P52
400mm 110 KVp
6F1 1001531-04 L+61 W150 M19.3 S11.1
P608
Photographs of heterogeneous fatty 
infiltration of the liver and the 
measurement of CT numbers in the liver 
and in the aorta.
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Key.
3 = 320mm 
6 = 400mm 
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1 = 110 KVp
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M = Mean CT No.
5 = S.D.
P = No. of Px.
L = CT window lv' 
W = window width 
in EU
k
Photograph of severe heterogeneous 
fatty infiltration of the liver where 
CT numbers are about 5 EU and where 
the fat distribution is controlled 
probably by cirrhosis.
It is shown that for a normal liver density of 1.07 g/cc the CT number at 
110 KVp falls to zero at about 5^ %  true fat. Figure 6.4.3 gives the air 
scale corrected dual energy differential for 140 and 110 KVp scans. The 
differential at 5^ %  true fat is -2.2 EU. in practice the equivalent 
measured differential will be -0.81 EU before scale correction factors are 
used. Therefore the differential will have a large measurement inaccuracy.
At 39 %  true fat the measured differential should be zero and at this level 
the measured CT number should be less than 10 EU for initially normal liver 
densities of less than 1.080 g/cc. Therefore the presence of fat can be 
identified by measuring the CT number and the dual energy differential. If 
both values are lower than normal fat can be suspected even though it may 
not be obvious in the image.
6.4.4 Experimental Method
An EMI CT 3003 whole body scanner v/as used with a 20 second scan time 
operating at 110 and 140 KVp using new convolution (VO6) softv/are. Clockwise 
scans were performed at each energy using 320 mm and 400 mm wedges. No 
contrast v/as administered.
Attenuation values of regions of interest placed in the liver and 
aorta were measured on an EMI Mark II independent viewing console. These 
values were air scale corrected and the difference in liver and aortic 
blood attenuation values v/ith the same v/edge at different energies, the , 
dual energy differentials (DED) were determined.
The theoretical DED for liver containing various concentrations of 
fat at different effective energies was calculated from mass fraction 
lists by varying the fat concentration, whilst adjusting the mass fraction 
of all other elements to keep the total mass fraction at unity.
Comparison of experimental and theoretical DED*s enabled an estimate of 
liver fat content to be made.
The monoenergetic estimate of %  true fat was made assuming normal liver 
density v/ith 7 %  fat to be 1.0700 g/cc and normal fat density to be 
O.98OO g/cc. Liver tissue without fat then has a density of 1.0767 g/cc.
The theoretical measured CT number at 140 or 110 KVp for liver tissue v/ith 
increasing %  fat can be determined and the measured and calculated CT numbers 
compared to determine the %  fat.
Comparison of the %  fat estimated using single and dual energy techniques 
allows a best estimate value to be obtained.
Figure 6.4.4 illustrates the use of the area of interest facility on 
the IVC/DG ECLIPSE computer and the photographs show the presence of ex­
cessive fatty infiltration of the liver for one of the patients scanned.
Figure 6.4.5 illustrates the measurement of liver and aorta blood CT 
number. The photographs are negatives and heterogeneous fatty infiltration 
is indicated by the lighter areas, the dark disk is the statistical sampling 
area. The level of % fat in this patient was measured by CT and by biopsy 
to be about 25 % and the difference in CT numbers between the right lobe 
which is sampled and the left lobe is significant and of the order 5 EU.
The clinical reason for this is unknown but the extent of fatty infiltration 
may be governed by cirhossis and is then confined to the right lobe. The 
advantage of CT scanning is that such a difference can be identified and 
the correct biopsy site can be chosen using the scan photographs.
•6.4.5 A Case Report
A 2S year old female presented v/ith severe liver disorder and jaundice. 
The diagnosis was incomplete being either a form of hepatitis or severe 
fatty infiltration due to excessive intake of alcohol. The initial CT scans 
showed naked eye appearances consistent-v/ith fatty infiltration including 
high lighting of the intrahepatic vessels. The mean CT number v/as + 6*3 EU and 
single and dual energy measurements gave a fat concentration of 45 %•
Following treatment this patient v/as sent for further CT scans prior 
to a liver biopsy being taken. The second examination shewed only suggestive 
evidence of fatty infiltration and the CT number had increased to + 18.1 EU. 
Single and dual energy measurements gave a fat level of 26 % in agreement
v/ith the biopsy results. Extrapolation to normal fat levels gave a normal 
CT number of + 34 EU. A biopsy could not be taken after the first CT scan 
because the patients blood coagulation profile prevented this. The CT scan 
results identified her improvement v/ith treatment and when a biopsy was 
performed it was in close agreement with CT predictions.
6.4.6 Results
In only 4 of the 11 cases were naked eye CT appearances regarded as 
diagnostic. Two of which showed well defined intrahepatic vessels. These 
two had a fatty liver content of at least 45 %• In the other two cases there 
v/as a definite difference in radiological density between the right and left 
lobes of the liver v/ith the complete right lobe being lower than the left 
by 5 EU in one case and 4 EU in the other. Figure 6.4.3
The measurements obtained of triglyceride fraction are shown plotted 
against estimated percentage fat in total liver cell volume in Fig. 6.4.6.
The percentage fat was determined using a point to point technique
(242 points per biopsy specimen) but the values are for the two dimensional
biopsy slice. The three dimensional variation was not determined. The 
correlation coefficient for triglyceride and percentage fat was calculated 
to be 0.834 (p C 0.001). The regression line fit shows an intercept at 0 %  
fat of about 16' P ^ m g  triglyceride which is medically accepted as the normal 
level. The ICRP Ref. Man estimate of 7 %  fat corresponds to 20 ^ ®^mg 
triglyceride and this is the upper limit on normal levels in liver tissue.
Measurements we re made of liver iron using the method of Sherlock and Barry 
(1974) to prove that none existed in any of the biopsy specimens. Triglyceride 
concentration was measured chemically in 10 of 11 biopsy specimens by the method 
:of Robertson and Cramp(1968).The interval between liver biopsy and CT scan 
v/as between 24 and 48 hours for all patients.
The clinical and histological details of the patients, and results of the, 
liver fat estimates by the different techniques are shown in Table 6.4.2
A close inverse correlation was observed between the CT number obtained 
v/ith single energy scans and the degree of fatty change assessed histologically, 
Fig. 6.4.7/8. The correlation coefficient for 140 KVp scans v/as calculated 
to be -O.898 (p < 0.001). There v/as good agreement v/ith theory. A significant 
inverse correlation was observed between the CT numbers and the liver 
triglyceride concentration, the correlation coefficient was -0.57 (p ^  0.05).
Using the dual energy technique, the CT estimate of liver fat using only 
the 320 mm field showed good correlation v/ith histological fat the coefficient 
being 0.80 (p<0.0l), Fig. 6.4.11/12. There v/as good agreement with theory.
The dual energy differential for one patient v/as in error. A chi-squared test 
made on the observed and theoretical expected differentials for 10 patients 
gave 2.5 (p >-0.98). Therefore the differential for one patient v/ith alcoholic 
cirrhosis v/as deleted from the fat determination and this resulted in good 
correlation v/ith histological estimates. The measurements made using the 
400 mm field were not as good, Fig. 6*4.9/10, and spectral correction using 
the aorta blood as a standard did not give results which were as good as those 
for the 320 mm field. This is probably due to fatty infiltration being 
distributed heterogeneously in the right lobe, v/hich produces sensitivity. to 
partial volume and repositioning errors. The 320 mm field measurements were 
always performed first and it is possible that patient tolerance v/as generally 
less for the later ’;00 mm. scans especially as the measurements often took as 
long as 2 hours.
6.4.7 Discussion on the single and dual energy techniques
Irregular fatty infiltration on CT has been described in three patients 
with cirrhosis but not in the lobar distribution seen in the two patients 
seen in this study or in the abscene of cirrhosis. This factor is obviously 
important since correlation may depend on whether an anterior or lateral
Table. 6 .b .2
Patient. 
Number
Triglyceride
Fraction
Jig/mg
Histology 
Fat % of . 
Liver Cell 
Volume
CT number 
Measured 
1V) KVp 
320mm 
EU
CT number Dual(320) 
Measured Energy 
110 KVp Differen- 
320mm tial EU 
EU
CT
Measured 
% Fat in
Liver Cells
Dual ^_ Mono - Energy
1 f^65 a.h. A1 .5 ^7.5 5.15 b.b2 -0.73 32 bS
1^99 39-5 20.2 28 .6 30 .0 1.A 15" 10 '
1500 no
biopsy
( 45 ) 6.32 6.00 -0 .3 2 b3 b5 ‘
1500 a.h. 28.8 25.0 18.1 18.9 0 .8 25 28
1512 A2.7 29.3 18. *f 18.9 • 0.5 31 28
1531 2k.O 25.3 18.0 19.3 1.3 17 29
1532 a.c. 56.^ .. ^3-75 18.3 21.3 3.0 1 28
1563 a.h. 33.6 16.37 26. b . 28. A 2 .0 5 15
1583 19.^ 0.5 30.5 31.5 1 .0 22 8
1573 18.9 7.6 31.5 3b.b 2.9 1 7
1 ^ 3  a.h.
not
available 15.^ 26.3 27.0 0.7 27 9
1387
a.H.
1V7 2.5 
= alcoholic hepatitis
30.8 
a.c. =
33.5 2.7 
alcoholic cirrhosis
1 15
Comment: Patient 1532 shows major discrepancy but analysis of histology
data suggests %  fat is in error by + 10%  fat. The measured CT number 
should then be 16 EU which agrees with measurement. Nevertheless 
the positive differential of + 3-0 EU should be + 0.5 EU for this 
level of %  fat. This suggest that the 110 KVp measurement is high.
The V)0mm field measurements also give a similar result and 
correction using the aorta differential gives the same result. An 
explanation is that the biopsy was made in a region which contained 
a small pool of fat and that fatty infiltration was not general. This 
v/as the conclusion reached from an analysis of the scan images. 
Patient 1583 shows negligible fat but significant Triglyceride 
fraction.. CT measurement agrees v/ith the Triglyceride fraction 
estimate of % fat v/hich is b.% from Figure 6.^.6.
Patient 1532. The second scan was made four weeks later to investigate 
ne large discrepancy betv/een CT and histology results. It was 
discovered that inferior to the plane of measurement a 6 x 8 cm 
xocal area of zatty infiltration v/as present in the right lobe of 
0 e^liver. Two other patients showed increased partial fatty infil­
tration 01 the right lobe. Heterogeneous fatty infiltration of the~ 
liver has previously been described in three cases of cirrhosis
U-.ulhela et al 1979) and is obviously important in correlating CT 
and oiopsy results.
approach is. used for the bicpsy and it is possible§ that lesser degrees of
inhomogeneity may be present within each lobe. .
The naked eye CT assessment of fatty infiltration is only of value.in 
severe cases of cirrhosis of at least L'o %  which is less than 70 %  given in
the in vitro results of Scherer, Santos and Lisner (1979).
Lesser degrees of fatty infiltration may readily be missed on routine 
CT'viewing.
While single energy measurements in general decreased v/ith increasing 
%  fat, there v/as an overlap with normal values. Comparison with other organs 
such as the kidney and spleen did not guarantee the correct diagnosis since 
in the tv/o cases the liver value v/as equal to that of the spleen and greater 
than that of the kidney.
Variation in the physical density of the liver within the normal range 
may produce a change of approximately - 5 EU and this may be sufficient to 
mask a smaller decrease produced by fatty infiltration.
The dual energy technique has the potential to identify fat because of its 
reduced dual energy differential. Quantification of the changes due to fatty 
infiltration such as the effective physical density of the liver and the 
percentage fat as a fraction of liver cell volume can be calculated. Unfortunately 
in practice the measured differential is often in the range - O.^ f EU and is 
very susceptible to measurement error due to artefacts, movement, etc. However' 
this is the only technique v/hich v/ill confirm %  fat in a patient v/ith a CT 
number in the normal range.
The use of monoenergetic measurements for the determination of %  fat can 
be less prone to measurement error provided spectral corrections are made 
using dual v/edges. Nevertheless the basic assumption regarding initial liver 
density for normal liver has not been proved though it is indicated that for 
most patients the normal liver density is about 1.07 “ 0.005 g/cc.
The potential of the single and dual energy techniques for the accurate 
repeatab-le noninvasive determination of liver fat is illustrated in the 
case report.
While a dual energy technique has been used for the determination of
high atomic number components in tissues such as calcium and iron its 
.potential for the detection of fatty content is largely unexplained. Di Chiro 
(1979) et al. described a case of an intrademoid (fatty containing 
tumor) identified by this technique.
Improvements in CT technology with 5 second scanners should reduce movement 
artefact. Also the use of a 5 mm collimator rather than the conventional 
13 nan one may be used to reduce dosage to the patient.
The streak artefact seen in the stop-start axis of the translate-rotate
type of scanner, which frequently extends across the liver and other tissue 
movement artefacts should be eliminated with fast full rotation scanners.
Plot of measured triglyceride (-jig/mg) against 
estimated % fat in total liver cell volume
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6.^.8 Conclusions
The measurements of CT number at 1^0 and 110 KVp using the 
320mm and f^OOmm fields allow the determination of the percentage fat that 
is contained in liver cells as a result of fatty infiltration. The errors 
involved in the estimation of Triglyceride fraction and of the percentage 
fat in an average of 100 cells examined microscopically is subject to a 
large error. The error was estimated to be - 10% fat for the percentage fat 
and — 10 yjig/mg for the Triglyceride fraction.
The results show that the use of the CT scanner for measurement of the 
amount of fatty infiltration is as reliable as conventional biopsy methods 
and the mortality risk is much smaller and does not require hospital 
confinement. Regular scans will show the progression of treatment and the • 
normal liver CT number for a patient can be determined and the treatment 
terminated when this number is reached.
The physics study carried out for this section involved a theoretical 
determination of the variation in the measured CT number with increased %
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CT number plotted against % fat for 140 KVp and 320 mm field
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fat in the liver. Also the design of the measurement technique used to •correct 
for spectral variation in the scan field. In severe cases it is undesirable 
to perform liver biopsies and the CT scanner is a reliable instrument for 
the estimation of the magnitude of fatty infiltration.
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6.5 The measurement of trabecular bone density and equivalent calcium
mass fraction using dual wedge/energy scans for 16 patients.
Comparison of measurements v/ith those made using an ISOTOM'radios 
isotope (1125) scanner for the same patients.
6.5*1 Introduction
A change in the structure of normal bone mineral with disease can be 
described as osteoporotic or osteomalacic. In the former the elemental 
composition of trabecular bone material is not thought to vary but the bone 
density changes as the bone becomes porous and loses mechanical strength.
In the latter bone mineral depletion occurs with a corresponding reduction 
in material density. A theoretical study has been made byi Weissberger(l97S)*
Computerised Tomography is being used more and more for the 
analysis of tissue and skeletal compounds. The CT body scanners and the 
smaller radioisotope CT scanner ( ISOTOM )*used for bone densitometry 
measurements,are available for the determination of trabecular bone linear 
attenuation coefficients. Bone mineral studies have been made by Isherwood(l976) 
and Banzer(l979)* .
6.5*2 Technique
Preliminary work on the measurement of iron in liver for haemachromatosis 
has indicated that CT body scanners can be used for the measurement of the 
amount of high atomic number elements in body tissue. The use of CT scanning 
for the determination of bone physical density and mineral mass fraction 
has been investigated by several research groups but the effect of spectral 
hardening or other change produces errors- An analysis of the amount of 
spectral change that can exist for a typical scan slice through the abdomen 
and vertebral bone section has been studied and it was concluded that the ray 
path mean spectral energy was intermediate between the values for the 320 mm 
and 400 mm water calibration spectra mean energies for the central ray path 
(Ref. Tab. 3-3*2t 3*6.2). Therefore there should be no significant change in 
the CT number for trabecular bone when the scan field size is altered.
This fact was proved by using post mortem scans and it v/as shown that the 
CT number for normal trabecular bone was reproducible to - 0.3 EU and the 
change in the CT number v/ith field should be less than 2 EU. Positioning 
errors are significant and patient movement and repositioning must be kept 
within i'0.1 cm.
An analysis of bone physical density and composition has 
been made and is described in this section. The CT5OO5 scanner was used at 
Northwick Park Hospital using dual wedge and dual energy scans. It is often
scan several times in the same plane to obtain good images. The. 
use of four scans for bone mineral and other analyses is comparable and 
as four single slice measurements are made the total slice dose is comparable 
to that produced by normal axial multislice scans. The technique had been 
tested previously using special phantoms and postmortem scans, the results 
being shown in Chapter 5«
6.5.3 Theoretical Predictions
This section initially examines the theoretical model used to evaluate 
the expected change in the bone mineral calcium, mineral mass fraction, 
physical density and the consequent changes expected in the CT number and 
dual energy (140/110) differentials obtained. The results are shown in 
Table 6.5.1. The normal range values are given in Table 6.5*2
Table 6.5.1
The theoretical change in the CT number for trabecular bone with variation 
in the material density and equivalent mass fraction.
Material 
Density . 
g/cc
Calcium
Mass
Fraction
Measured
CT.No.
140(T»)
KVd
Scale corrected CT.No*s. 
110(T) 140(T)
KVp KVp
Scale corned 
Bifferential
1.0175
1.0500
1.0800
1.150
1.500
0.0000195 -2.87 -7.52 -3.04 -4.4
0 .000059S -2.86 -7.50 -3.03 -4.4
0.0000997 -2.85 -7.45 -2.99 -4.4
0.0009614 -2.50 -6.65 -2.43 -4.2
0.0098729 • 2.93 1.51 3.11 -1.8
0.0906726 50.56 73.72 53.54 20.1
0.0243221 17.39 20.55 18.42 2.
0.0474893 51.22 41.55 33.05 8.5
0.0098729 8.77 7.45 9.29 -1.8
0.0906726 56.98 80.73 60.34 2 0 .5
0.0243221 41.16 ^5.65 43.58 2 .0
0.0474895 55.65 67.67 . 58.93 8.7
O.OO98729 52.12 31.89 34.01 -2.1
0.0906726 82.67 108.75 87.54 21.2
0.0245221 74.45 80.77 78.81 2.0 "
0 .047*1895 89.37 104.24 95.16 9.05
O.OO98729 64.81 66.13 68.62 “2.5
O.OO98729 154.85 139.52 142.79 “3.2
Note: ICRP Ref. Man normal physical density 1.08g/cc, normal Eq.ca.m.f. 0 .0 5
6.5.4 Analysis related to the ISOTOM scanner
A parallel study was made with the ISOTOM scanner and 16 patients were 
scanned on both machines. The ISOTOM CT scanner is used to measure the 
effective linear attenuation coefficient for trabecular bone in the distal 
radius (forearm). The effective energy of the scanner was determined to be 
about 30 keV. Perspex, polythene and water had been scanned as well as 
human lumbar vertebra to show that measurements on the ISOTOM corresponded 
with higher effective energy measurements on the CT 5005 (Section 5*5)*
The CT 5005 lumbar vertebra scan results were analysed using programs 
available on the IVC/DG ECLIPSE computer and a minimisation code separated 
the equivalent calcium mass fraction and the trabecular bone density and 
determined the linear attenuation coefficient for the vertebral trabecular 
bone at 28 and 30 keV for direct comparison with ISOTOM measurements of 
distal radius trabecular bone for each patient. In this way the spread of 
bone disease throughout the body can be examined using the CT 5005 and'with 
accurate dual energy measurements the disease may be identified as osteoporo 
or osteomalacic and the progress of a patient during hormone treatment can 
be followed. At the present time the progrss is followed using ISOTOM 
measurements made on the distal radius in the forearm as it is believed 
that the progress.of bone disease is distributed uniformly throughout the 
skeleton. The CT 5005 analysis was made to identify the distribution and 
extent of the disease, and to determine the correlation between attenuation 
in vertebral and distal radius trabecular bone in order to show that ISOTOM 
measurements are representative of general condition of body skeleton.
6.5*5 Measurements made'with the CT 5005 scanner
The EMI CT 5005 scanner was .used for all lumbar vertebra measurements. 
Hew * flat field* (VOo) convolution software was used and the scanner was 
calibrated for each scan field (2tO, 320 and 400 mm) for the full operating 
KVp range of the scanner. The calibration involved measurement of the air' 
scale factors and the monochromatic effective energies (Ref. Chapter 4).
The standard complex EMI phantoms were used to check the change in 
calibration level due to software operations when objects are scanned which 
are smaller than the calibrated field. Also post mortem scans were used on 
four occasions to test the machine stability and CT number reproducibility. 
Measurements on lumbar vertebra were made in vivo and in vitro on the CT 
scanner and parallel in vitro measurements were made using the same lumbar 
vertebra with the ISOTOM scanner. The la tier uses an 1125 radioactive source 
which has an effective energy of about 28 keV on the ISOTOM.
In addition to scanning bone samples the rods of polyethlene and 
perspex used in the EMI complex phantoms were scanned in the ISOTOM scanner 
as well as a cylinder of water.
The theoretical CT numbers and the linear attenuation coefficients for 
the standard materials were obtained from lists of atomic absorption cross 
sections determined by Veigele (1974) and Hubbell (1969i 1977)i from standard 
atomic weight lists, from ICRP elemental mass fraction lists and the mixture 
rule was assumed to apply. The elemental constituents of trabecular bone 
were estimated from a basic mixture of red and yellow marrow (ICRP Ref. Man .1976) 
(75 % red + 25 % yellow) and the mass fractions of calcium and phosphorus 
were increased together until CT numbers in the measured range for trabecular 
bone was obtained. In each case twentytwo elements were taken to represent 
the constituents of the material being studied, such as marrow, and the CT 
numbers v/ere calculated in 0.1 keV steps for accuracy.
Scans v/ere made of vertebral bone using a 5 nim collimator, Fig. 6.5.1.
Care was taken in aligning the patient and to maintain patient stability 
during a scan. All calibration scans were made in a clockwise direction as 
v/ere all scans of objects and patients. Scans were made at 140 KVp and 110 KVp 
using either 240 and 520 mm fields or 520 and 400 mm fields. Good scans 
are necessary for analysis, therefore care must be taken to ensure good 
images, especially of the aorta and vertebral images. ‘
6.5.6 Numerical Analysis
The numerical analysis was made using new IVC statistical software.
The circular area of interest facility was set up to enclose the vertebral 
section and the CT number level was raised on the measurement setting until:. - 
the trabecular bone structure disappeared (Figures 6.5.2 , 6.5.9). For the 
trabecular bone studies this level was taken as upper limit for the trabe­
cular bone numbers. Typical CT number values are giveri in Tab. 6.5.2. The 
lower limit was determined by lowering the CT number level until the trabecular 
bone image was uniformly white. The histogram of the CT numbers within the 
area of interest v/as constructed and set upon the viewing screen, Fig. 6.5*2.
The softv/are allows a specific area (usually about 750 pixcells) of the 
histogram to be analysed and for the bone analysis the measured v/indow 
width v/as used to determine the statistical parameters for the trabecular 
bone. In addition the aorta blood CT numbers v/ere measured for each scan.
The CT numbers obtained for bone and blood v/ere air scale corrected 
and the dual energy differentials v/ere obtained for each field size. The1 
expected blood differential had been determined using the IVC software 
(Table 6.2.2).
The CT numbers and the corrected differential v/ere used to determine
5 rnm
Figure 6.5-1
s
\
Photograph and diagram showing the difficulty with correct positioning 
of scan slice using 5^^ collimation with severe bone mineral loss patients-
6.5*7 Results
The results reported here arc the clinical results from the analysis cf 
16 patients who were scanned on the CT5OO5 and the ISOTOM scanners* The results 
of the phantom and post mortem scans are reported seperately (Chapter 5)*
Table 6.5*2
Patient
No.
Measured 
CT No. at 
140 KVp 
on 320mm 
EU
Mean
Corrected 
CT No.
Differential
EU
ISOTOM 
measured 
MU cm
CT5005
measured 
MU cm" 
at 28KeV
CT5005
measured
physical
density
g/cc
CT5005
measured equiv 
calcium 
mass fraction 
mg/g
1 28.6 8. 0.439 0.539 1.0120 47.5
2 41.0 3*9. 0.529 0.493 1.0695 3O.O
3 22.8 1.6 0.396 0.460 1.0725 22.0
4 41.5 5*5 O .685 0.523 1.0800 35*6
3 45*40 1*3. 0.488 0.462 1.0944 20.5
6 17*3 8*3 0*317 ' 0.530 1.0110 45.7
7 23*7 2.7 0.657 0.461 1.0350 2 6 .2
8 10.8 1*9 0.450 0.445 1.0256 - 23*4
9 17*7 6.1 O .618 0.498 1.0184 37*7
10 31*9 1.4 0.550 0.452 1.0586 21.5
11 17*8 -2 .3 0.554 O .388 1.0438 7*9
12 3*3 2.7 0.366 0.443 0.9938 26 .2
13 10.6 0.8 0.430 0.427 1.0260 19*1
14 117.0 12.4 0.518 O .669 1.2054 53*1
15 86.0 10.6 0.830 0.615 1.1463 49*3
16 -4.0 1.1 0.381 0.425 1.0072 20.2
Normal
Values 70-80 9-12 0.65-0.68 O.65-O.68 1.08-1.13
38-46
for trabecular bone!•
Normal
Values -2.9 -4.7 0.367 O .367 1.0175 0.02
for mixed marrow
The calcium mass fraction is calculated and listed as it is an indicator of 
mineral mass fraction but the mineral strength is indicated by the physical, 
density.
The tabulated values for the linear attenuation coefficient have 
been plotted in Fig. 6.5 .8 and for CT No. and differential in Fig. 6.5*6/7. 
The results of the theoretical study are given in Table 6.5.1 and in Figures
6.5.4 and 6.5*5*
the equivalent calcium mass fraction and the trabecular bone material 
density for each patient using a minimisation routine available on the IVC 
disk (the calcium mass fraction is.the equivalent value as defined in 
Section 3*5? and .Table. 3*5 JO .
Figure 6.5.6 shows the scan images (negative) for normal lumbar 
vertebra scans. The photographs correspond to the patient 14 in the results 
list. Figure 6.5 .9 (second page)'shows'the' images for an intermediate con­
dition of trabecular bone deterioration and the third page shows the lowest 
level of CT number measured where the values have reduced to single figures. 
Table 6.5-3 is a listing of an analytical study (Patient 5) for an inter-, 
mediate bone condition where there is calcium depletion and some reduction 
in bone strength. Table. 6.5-4 lists the results for low 'density bone with 
poor mechanical strength (Patient 9) where calcium remains in the bone such 
as occurs with osteoporosis. Table■’6.5.5- gives the analytical results for 
patient -14 'and it can be seen that normal bone density and calcium mass . 
fraction exists. Table 6 .5 . 6 gives the results for patient 15. The values 
for the.lineai' attenuation coefficients at 28 keV and 30 keV are given by . 
the EFF. ENERGY 28 and 30/MAT. MU. Figure 6.5.2 includes the theoretical 
values for normal cortical and trabecular bone and for red and yellow 
marrow. It can be seen that all of the interpolated and measured values 
lie -within these theoretical limits.
Area of Interest chosen for trabecular bone measurements. Figure 6 .5 . 2
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Figure 6.5-6 
CT number measured at 
140 KVp for 320mm field 
for vertebral trabecular 
bone plotted against 
trabecular bone atten- 
- uation in distal 
radius measured with 
the Isotom CT scanner. 
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dual energy 
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plotted against 
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6.5.3 Discussion and .Conclusions
The expected change in the CT number for trabecular bone was studied 
using mixed marrow (75 % red +,25 %  y e llo w )..and the calcium and phosphorus 
mass fractions in a tv/entytwo element list were varied with the material 
physical density to simulate bone mineral and physical density change. In 
addition to calculating CT numbers the linear and mass attenuation coefficients 
were determined. The CT numbers and coefficients were calculated for the 
calibrated effective energies-of the CT 5005 scanner and for 28 and 30 heV 
which correspond to the effective energy of ,an 1125 source and the ISOTOM 
scanner respectively.'
The results for CT 5005 and ISOTOM scans of standard materials 
discussed in the previous chapter showed that extrapolation of the CT 5005 
values to the ISOTQM values for linear attenuation coefficient of trabecular 
bone was feasible. Also measurements v/ith salt and glucose solutions in. 
the CT 5005 calibration phantoms showed that the scanner was capable of 
very accurate measurement. Further measurements on corpses proved that 
CT numbers were reproducible and that the main error source in these, 
measurements v/as operating kilovoltage and p o s it io n in g  e r r o r s .
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Fig. 6.5 .8
Measurements of vertebral bone in vivo and in vitro using the CT 5005 
and the 'ISOTOM scanners showed that linear attenuation coefficients 
measured on the CT 5005 can be extrapolated to the operating energies of
the ISOTOM scanner and therefore the extent of bone disease in the skeleton 
at any point in the body could be studied and compared with distal radius 
measurements.
As a result of the above tests 16 patients who had been scanned on the 
ISOTOM scanner for the detection of bone mineral reduction in the distal 
radius were scanned on the CT 5005 to measure the reduction in vertebral 
trabecular bone mineral and physical density. A good correlation v/as obtained 
between CT number and ISOTOM/MU measurement considering the fact that the 
CT 5005 measurements were made using 1^0 KVp and 110 KVp spectra and the 
ISOTOM scanner uses 1125 as the source v/ith an operating effective energy 
of about 50 keV. Also significant correlation v/as obtained betv/een dual 
energy differential and ISOTOM measurement. The study of trabecular bone 
disease should be continued as the technique developed for the CT 5005 shows 
that it may be possible to separate mineral mass fraction and. bone physical 
density and to measure the reduction in bone mineral strength and the extent 
of bone mineral removal v/ith disease. Other pathological, processes can 
influence the measurements but the main source of error appears to be the 
5 mm beam width limitation with the CT 5005 in situations v/here the amount 
of vertebral trabecular bone available for scanning is very limited, such 
as when partial vertebral collapse has occurred. Visual analysis (Fig. 6.5* 1) 
of an initial X-ray of the' spine identifies the correct vertebra for scanning.
Therefore the use of CT body scanners for the measurement of elemental 
change in bone composition and the change in bone mineral strength v/ith re­
duction in physical density is feasible. Early diagnosis of the disease can 
be made using the ISOTOM scanner and the extent of bone mineral deteriation 
throughout the body can be determined using CT body scanners. More work is 
necessary to completely prove the technique but work to date is encouraging. 
The measurement of port mortem vertebra and the subsequent ISOTOM scans to 
determine bone mineral fraction and density values should be continued.
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FUNCTION UALUE IS* 48.4731(88880 MATERIAL DENSITY IS * 1.094421 
P ■'
TRABECULAR BONE PATIENT 3. RHO 1.09442 G/CC U.F. 0.97(6997 CA 1.0204999
Table 6.5.3 
CT number fit 
and extrapolation 
to 28 keV for 
Patient 5
ATOMIC NUMBERS ARE— — . 0.360000E
0.200000E
0.260080E
0.788888E
o.KeeesE
0.238808E
0.600088E 1
0.820888E
8.8008e0E
0.520008E
0.300888E
HASS FRACTIONS ARE--
0.376689E -1 8.466514E 0 0.162456E >( 0.102647E 0
0.287888E -4 0.54C968E -8 0.168988E -4 0.1K939E -4
0.255709E -1 0.365373E 0 0.136429E -3 0.130454E -2
0.714626E -3 0.142958E -5 0.468597E -7 0.227420E -7
• 0.136433E -5 0.U0438E -5 0.162418E -4 0.143936E -8
KILOVOLTS 140.00 438.08 128.80 110.08 100.00 90.00 0.00 0.00 0-00
EFF.ENERGY 80.00 75.00 72.00* (8.00 65.00 (2.00 59,50 30.00 28.08
SCALE AIR 474.88 482.08 498.(8 588.08 510.30 580.00 500.00 580.08 588.68
LINHUHATER 0.184230.188820.198(70.194748.198310.202430.20(380.387630.43177 
HEHIHUHBER 17.71 20.05 21.91 24.75 27.45 29.39 31.78 106.43 116.47 
EHINUHBER 18.(5 20.80 22.33 24.75 26.98 29.39 31.78 106.43 116.47 
HUH/RHO 0.187(40.192380.195580.288(88.265190.210450.215520.4(1(20.52271 
HAT. HU 0.191110.195840.199180.284388.208980.214330.219490.470148.53235 
FUNCTION UALUE IS* (9.1353280880 MATERIAL DENSITY IS • 1.018451 
)P
TRABECULAR BONE PATIENT 9 RHO 1.01043 G/CC U.F. 8.9595789 CA 8.837(69.
 8.29B80BE 2
2 8.1288802 2
1 8.158808E 2
2 0.508888E 2
2 8.4888882 2
0.123785E’-7 0.
0 ( ( -6
•8 
0 
-5 
-5 6 K2418E
0.8388882
 - e.ieeeeeE 1
 e.4ieeeeE 2
 0 .1ieeeeE 2
 0.220888E 2
 0.470888E 2
(71705E -9 
8 98.8  .8
8 (2.0  59,50 30.08 8
Table 6.5*^
CT number fit 
and extrapolation 
to 28 keV for 
Patient 9
ATOMIC NUMBERS ARE * B.5(ees8E 0.838888E
8.2888882 2 ’e.(8800eE 1 0.29800eE 2 0.1888eeE 1
8.268888E 2 8.828880E 2 0.12ee88E 2 8.4180882 2
0.7eeeeeE 1 e.seeeeeE 1 o.isseeeE 2 e.neeeoE 2
e.ieeeeeE 2 e .5288802 2 e.seeeeeE 2 e . 2200002 2
0.230808E 2 0.3888882 2 8.4888882 2 6.4700002 2
HASS FRACTIONS ARE # 0.121805E -7 0.660958E -9
0.530655E -1 8.459850E 8 0.159857E -6 8.1610052 0
O.204562E *4 6.5382692 -8 6.1662062 -4 0.1150682 -4
0.251618E -1 0.359527E 0 0.1342462 -3 0.128367E *2
0.703192E -3 6.140671E -5 0.453228E *7 0.22378IE -7
8.134250E -5 . 0.108671E -5 0.159819E -4 , 8.141634E -8
KILOVOLTS 140.00 130.00 120.00 110.00 100.00 90.00 0.00 0.00 0.00
EFF.ENERGY 80.00 75.00 72.68 68.00 65.00 (2.00 59.50 38.00 28.00
SCALE AIR 474.80 482.00 490.(0 580.00 518.30 580.00 580.00 500.00 508.00
LINHUHATER 0.184230.188020.190(70.194740.198310.202430.26(380.387(30.43177 
HEHIHUHBER 117.08 123.86 128.33 135.71 142.96 145.15 156.01 301.59 322.02 
EHINUHBER 123.29 127.(6 138.79 135.71 140.08 145.15 150.01 301.59 322.82
HUH/RHO 0.190530.195810.199550.285410.218(10.216690.222580.513540.58889
HAT. HU 0.229660.236830.240548.247600.233870.2(1288.2(8290.(21448.70985
FUNCTION UALUE IS-1028.3870008008 MATERIAL DENSITY IS • 1.283481
|P , . . : . .
TRABECULAR BONE PATIENT 14 RHO 1.2834 G/CC U.F. 8.94422(7 CA 8.1338(3.
Table 6.5*5 
CT number fit 
and extrapolation 
to 28 keV for 
Patient
Note:
Due to the level 
of uncertainty 
in the value of 
p  for water and 
perspex at 28keV 
the value of^i 
taken in the 
fit is the 29keV 
value as this 
gives no error 
in the calculatn. 
using the para­
metric equtn. 
given in 
Appendix 5-
Table 6.5*6 
CT number fit 
and extrapolation 
to 28keV for 
Patient 15
ATOMIC NUMBERS ARE— — * B.3(88B8E 2 B.838888E 2
B.28808BE 2 B.(088BBE 1 0.290808E 2 0.lOeeBBE 10.2(eeeeE i B.82eeesE 2 B.128888E i o.uoeeeE 2
0.7888B8E 1 8.8080081 1 0.1388882 2 0.118888E 2
6.K0800E 2 0.5208882 2 8.500000E 2 0.228888E 2
0.238808E 2 0.388808E 2 0.4888886 2 0.478880E 2
HASS FRACTIONS ARE   0.122298E -7 0.663590E
0.492952E *1 0.468878E 0 0.160494E -( 0.101407E 0
0.203376E -4 0.540352E -8 0.I66868E -4 0.115526E -4
0.252620E -1 0.360959E 0 0.134788E -3 0.128878E -2
0.785992E -3 0.141231E -5 0.455833E -7 6.224672E -7
0.134784E -5 0.109103E >5 0.1CB456E -4 0.142198E >8
KILOVOLTS 140.00 130.00 120.00 110.00 100.00 *90.00 0.00 0.00 0.00
EFF.ENERGY 88.80 75.00 72.00 (8.00 (5.00 (2.00 59.50 30.00 28.00
SCALE AIR 474.80 482.00 490.(8 580.00 510.30 580.00 500.00 500.00 500.68
LINHUHATER 0.184238.188028.198(70.194740.198310.202430.28(380.387(30.43177 
HEHIHUHBER 86.00 90.89 95.14 101.16 107.05 109.22 113.37 242.80 2(0.23
EHINUHBER 90.56 94.29 96.96 101.16 104.89 109.22 113.37 242.80 2(0.23
HUH/RHO 0.189820.194950.198580.204250.209280.2151(0.220850:502340.572(8
HAT. HU 0.217600.223488.227640.234140.239910.246650.253170.5758(0.(5(50
FUNCTION VALUE IS* (82.8291888888 HATERIAL DENSITY IS * 1.14(358 
IP
TRABECULAR BONE PATIENT 19 RHO 1.14(33 G/CC U.F. 0.94798(2 CA .049293.
6.6 Summary.
The measurements and analysis in this chapter have been made 
with tissue in the normal anatomical state. A preliminary analysis of normal 
liver, spleen and muscle tissue using 100 KVp spectrum was made to compare
the CT5OO5 measurements with those of RaO and Gregg and of Phelps. Also to
determine <the change in the measured CT number at two energies.( 110 and 1^ *0 KVp 
spectra) for comparison v/ith theoretical CT numbers. The results of this 
analysis showed that for the liver tissue and brain tissue that theoretical 
CT numbers could be accurately predicted for tissue and the variation of the 
tissue CT number with energy could be predicted.
Tests on special phantoms and on corpses showed that 
the reproducibility of CT numbers in tissue and bone v/as to an accuracy better 
than - 0.3 EU and with care to - 0.15 EU. Therefore a change in the CT numbers
of tissue due to the presence of iron or other high atomic number materials
or of increased levels of fat could be measured in vivo if accuracy and 
reproducibility could be maintained. Also changes in the level of bone 
mineral could be examined and compared v/ith theoretical bone to determine 
the physical density and bone mineral composition in vivo. The effect of 
spectral change had to be analysed to determine the magnitude of error that 
could be produced byfbeam hardening1 but it was shown that for the purpose 
of determining the mineral mass fraction and physical density in lumbar 
vertebral trabecular bone that the error was small and could be determined 
by scanning at two energies and at tv/o field sizes. The effect of spectral 
change and the software operations which correct for such change could be 
determined by examining the CT numbers measured for tv/o field sizes.
Dual wedge and dual energy scans were made on 8 patients for the 
haemachromatosis study, on 11 patients for the fatty liver study and 16 
patients for the trabecular bone study. The results of these studies show that 
the technique can be used to determine true CT number and differential and 
this allows the separation of two variables for any tissue or bone in the body. 
Liver density and iron mass fraction can be determined, liver effective density 
and percentage fat in liver cells can be measured and mineral. fraction in 
bone with the bone density can be derived. The experiments were carefully 
planned .and every effort v/as made to minimise errors due to artefacts from 
all sources.
CHAPTER 7
SUMMARY AND CONCLUSIONS
The work d e s c rib e d  in  t h is  th e s is  is  concerned v /ith  some fu n d am en ta l 
p h y s ic a l a sp ec ts  o f  th e  a t te n u a t io n  o f  photons p ass in g  th ro u g h  v a r io u s  
media and th e  in t e r p r e t a t io n  o f  CT numbers measured in  th e  EMI CT 5005 s c a n n e r.
The a t te n u a t io n  o f  photons in  v /a te r , body t is s u e ,  body f a t  a id  
s k e le t a l  m a te r ia ls  has been s tu d ie d  t h e o r e t ic a l ly  and by e x p e r im e n ta l m easure­
ment u s in g  th e  EMI CT 5005 body sc a n n e r. A change in  th e  a t te n u a t in g  
p ro p e r t ie s  o f  t is s u e  in  the  body can be due to  a  v a r ia t io n  o f  th e  v /a te r , f a t  
and e le m e n ta l c o n te n t in  th e  t is s u e  as w e l l  as o f  i t s  b io lo g ic a l  s t r u c tu r e  
due to  v e r ia b le  q u a n t i t ie s  o f  c o n n e c tiv e  t is s u e .  The a t te n u a t io n  o f  each  
t is s u e  component can be s tu d ie d  s e p a ra te ly  o r  as norm al m ix tu re s  o f  components 
in  b io lo g ic a l  m a te r ia ls .  I n  o rd e r to  s tu d y  th e  a t te n u a t io n  p r o p e r t ie s  in  th e  
norm al p h y s io lo g ic a l s ta te  th e  measurements must be made in  u s in g  th e  
human body o r  v /ith  a n im a ls . Removal o f  t is s u e  from  th e  body c re a te s  
i r r e v e r s ib le  changes due to  c e l l  d e a th .w ith  a s s o c ia te d  c h e m ic a l and p h y s ic a l  
change. D e n s ity  v a r ia t io n  v / i l l  change the  a t te n u a t io n  c o e f f ic ie n t  o f  th e  
m a te r ia l  even i f  the  e le m e n ta l co m p o s itio n  rem ains c o n s ta n t. B lood lo s s  and 
and c o a g u la t io n  in  co m b in a tio n  v /ith  inhomogenous d e t e r io r a t io n  w i l l  v a ry  th e  
s p a t ia l  d is t r ib u t io n  o f  th e  e le m e n ta l co m p o s itio n  and a t te n u a t in g  components 
o f  the  m a te r ia l  w hich has been removed from  th e  body. T h e re fo re  1 in  v i t r o 1 
measurements can o n ly  be used as a  g u id e  to  th e  m agnitude o f  th e  ’ in  v iv o *  
a t te n u a t in g  p ro p e r t ie s  o f  any body m a te r ia l .  Measurem ents on * f r e s h *  t is s u e  
have been made by s e v e ra l groups and the  work o f  RaO and Gregg and o f  P h e lp s , 
Hoffman and T e r -P e rg o s s ia n  has been p u b lis h e d . A t h e o r e t ic a l  s tu d y  o f  s e v e r a l  
o f  the t is s u e s  measured ’ in  v i t r o 1 by these  two groups shov/ed th a t  in  a l l  
cases th e o ry  agreed  w ith  m easurem ent. T is s u e  e le m e n ta l c o m p o s itio n  v/as 
s im i la r  to  th e  t h e o r e t ic a l  t is s u e  s tu d ie d  u s in g  d a ta  from  th e  ICRP R e f .  Man 
p u b lic a t io n  and ’ in  v i t r o *  d e n s ity  measurements compared w e l l  v /ith  th e  
th e o r e t ic a l  v a lu es  used in  th e  s tu d y .
N e v e r th e le s s , ' i n  v iv o *  e s tim a te s  o f  m a te r ia l  e le m e n ta l co m p o s itio n  
and p h y s ic a l d e n s ity  a re  necessary  in  o rd e r to  be a b le  to  i d e n t i f y  abnorm al 
t is s u e  a t te n u a t io n  o r  s p a t ia l  d is t r ib u t io n  in  th e  t r u e  p h y s io lo g ic a l  s t a t e .
What i s  n o t known is  by how much t is s u e  a t te n u a t io n  changes, in  m agnitude  
o r s p a t i a l l y ,  v /ith  i l l n e s s .  In  s e r io u s  i l ln e s s  when th e re  a re  v a s c u la r  
changes w hich a f f e c t  b lo o d  f lo w  and b lood  d is t r ib u t io n  o r where abnorm al 
t is s u e  grov/s w ith in  norm al t is s u e ,  such as in  many form s o f  can cer th e  
d i f f e r e n t  a t te n u a t io n  p r o p e r t ie s  and s p a t ia l  d is t r ib u t io n  o f  th e
abnormal tissue can be identified by anatomical abnormalities in the 
conventional radiograph. V/hen the change in attenuation is small and less 
than 2% there is considerable uncertainty in diagnosis from conventional 
radiography and as the data is obtained from full body single projections 
the complexity of the image prevents accurate measurements of specific 
tissue attenuation coefficients fin vivo*.
The multiple projections and the reconstruction method 
used in computerised tomography (CT) allows the determination of changes in 
tissue attenuation directly from the reconstructed attenuation number matrix. 
The measurement of body material attenuation from the reconstructed matrix 
values relative to the water standard matrix can produce errors due to a 
lack of an accurate knowledge of the attenuation of the water standard in 
the CT scanner field and due to the spectral changes which occur when the
circular symmetric v/ater standard is replaced by a normal human or animal
/
body.
Therefore it v/as necessary to analyse theoretically the change in the 
transmitted spectrum for the water standards used on the EMI CT5005 scanner 
and to compare the spectral parameters, such as total photon and energy 
fluence and the mean spectrum energy, with the same parameters for ray paths 
consisting of mixtures of body tissue, fat and bone. Also it was necessary 
to calculate the amount of spectral change that occurs when ray paths in 
the body change in length. !
The total information obtained from all scan projections is 
used to reconstruct the attenuation number matrix. Therefore the spectral 
change that occurs for the total scan is averaged and the derived numbers 
are for a different average spectrum to the v/ater standard. A best estimate 
theoretical calculation v/as made to determine the amount of the spectral error 
that exists for different patients who vary in size, shape, anatomy and in 
bone quantity and quality. The magnitude of the error v/as estimated theore­
tically but , in practice, the CT5005 computer software is v/ritten to correct 
for spectral change and to minimise spectral error. Therefore the theoretical 
study is limited in accuracy as no accurate knowledge is available of the 
magnitude of the correction for any given object or patient. What was 
possible experimentally v/as that objects and patients were scanned using 
two different scan fields and dual energy measurements were made for each 
field. The magnitude of the spectral error can then be measured as tissue 
attenuation (CT) numbers should vary with field size. The error in the measured
dual energy dixferential and CT numbers for a material scanned in both fields 
can be minimised by a correction method using the dual energy differential
measured in a standard within the scan field or within the patient. If the 
CT number change for normal tissue or body fluid is calculated and the tissue 
or fluid is in the scan field and is not involved in the illness then spectral 
error can be minimised using an interpolation technique. The method was 
tested experimentally using water phantoms and complex phantoms containing 
cylinders of polyethylene, perspex, air and bone equivalent material. Early 
post mortem scans were used as well as phantoms, but before celldeath and 
other processes had significantly changed the tissue structure. The results 
are given and discussed in this thesis. •
The calculation of CT numbers requires a knowledge of atomic data and
, j -f-
photon attenuation cross-sections to - 0.0001 cm (- 0.25 EUj ~ 0.05 %  ia /*) • 
The CT number is a parameter v/hich is calculated by determining the mono­
chromatic linear attenuation coefficient for the material and for water at 
the same energy or by averaging the linear attenuation coefficient for each 
energy step of a given spectrum for material and for v/ater raykpath- The 
difference between the calculated attenuation coefficients is divided by the 
coefficient for water and then multiplied by a scale factor v/hich is a 
constant in the computer software, (500 or 1000).
In practice the spectral change in the scan field alters the scale 
factor and corrections must be applied to the calculated CT numbers to 
determine the modified scale values. The value of the scale factor,when 
measured using the calibration water phantoms is a function of the X-ray 
tube operating kilovoltage and scan field size. When patients are scanned 
the value of the scale factor will be aproximately the calibration phantom 
value if spectral change is not significant. The true value v/ill depend on 
the properties of the patient scanned and the average spectrum mean energy 
for the scan. Measurements using post mortem scans indicate that the scale 
factor does change v/ith field size but the amount depends on the spectral 
or fbeara hardening1 correction that is applied in the software. Attempts to 
measure the scale factor using air and water tubes in special bolus bags 
placed above and below the patients gave a variation of + k EU in the CT number 
for air and v/ater and the value changed with position. Movement artefacts 
introduced error as well. Nevertheless the phantom values at 140 KVp of about 
475 and at 110 KVp of about 500 v/ere approximately maintained in all scans. 
These values agreed with those obtained with post mortem scans.
Using estimated scale factors and monochromatic equivalent energies 
derived from theory and. experiment the CT numbers were determined for several 
body tissues and for bone. The variation, for example, in the CT number of 
liver tissue, brain tissue and blood, v/ith spectral change is small when fat 
or high atomic number elements are absent or at a low level. Therefore
changes in liver composition should be measurable and using the aorta as an 
internal standard the measurement of dual energy differentials for tv/o field 
sizes will identify the change.
Tv/o experiments with 8 haemachromatosis patients and with 
11 liver patients with fatty infiltration were made and the CT results , based 
on theory and measurement, correlated well v/ith the chemical biopsy and 
histological measurements made on liver samples and the analyses identi­
fied the effect of scan field parameter optimisations and changes with up­
dated software.
Measurements made using early post mortem scans showed that the CT 
numbers and dual energy differential for vertebral trabecular bone did not 
change significantly with field size and the corresponding scale factors 
were the values previously defined. Therefore an experiment was made with 
osteoporotic and colagen defficient patients to determine the bone mineral 
mass fraction and bone density for vertebral bone using dual wedge and 
energy scans made with the CT 5005* The degree of advancement of bone 
disease v/as also measured for each patient using a radioisotopic CT scanner 
which measured trabecular bone attenuation in the distal radius (forearm).
The results of the experiment showed that accurate measurement of bone 
mineral properties could be made in difficult areas of the body such as in 
vertebral trabecular bone using the CT 5005*
Therefore, it was shown that there was equally good correlation between 
theory and clinical measurement when liver iron mass fraction increase and 
fatty infiltration of the liver were studied. When reduction of the bone 
mineral mass fraction and bone density takes place with bone disease it 
was shown that there was significant correlation between CT 5005 and IS0T0M 
measurements and with theory. As CT scanners improve and as better dual 
energy techniques are developed which minimise patient dose, tissue analyses 
will become a useful diagnostic aid. Also studies and further research should 
result in a CT scanner being produced which derives accurate CT numbers 
which are spectrally correct.
Further dual energy work should be carried out on lung and brain scans 
to identify the components of the bimodal distribution in the histograms 
of CT numbers for lung scans and on CSF and brain tissue properties, for 
example, for Huntington*s Chorea patients. More fundamental physics studies 
on spectral change and basic attenuation data are needed to quantify the 
amount of spectral correction that is required for individual patients and 
different scan slices and more accurate method of correction developed,
perhaps incorporating split detectors v/hich can be built into the 
existing scanner equipment. Sufficient theoretical studies can be made
using the available programs developed for this thesis.
Accurate parametrization of the. photon attenuation cross-sections
(- 0.3 % in u; - 1.5 EU) has been developed by Hawkes and Jackson which
is being extended to include higher atomic number elements. The application
to medical practice and for theoretical studies may give less uncertainty
in the calculations of atomic cross sections but the conclusions made using
the theoretical method developed for this thesis will probably remain valid.
In addition to the use of CT scanners in the medical field use can be
made of them to investigate material properties and to measure very small
+ —1changes in attenuation of the order -0.0001 cm or better relative to a
standard. Careful adjustment and manual control of operating parameters
during a .scan has shown that CT number reproducibility in stable tissue can
be better than - 0.25 EU which corresponds to a change in material
+ —1attenuation coefficient of -0.0001 cm • The accuracy should be improved 
further with machine development.
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APPENDIX 1
THE MEANING OF THE EQUIVAIENT MONOCHROMATIC ENERGY FOP A POLYCHROMATIC 
BEAM OF X-RAY PHOTONS.
The monochromatic equivalent energy has several
definitions (McCullough 1975 ) , tv/o of which are:
Es, the value for which energy fluence is equated and
E t h e  value for which photon fluence is equated,
P
Therefore for the monochromatic beam (energy fluence) we write,
<jj,E^ = $qEs ,exp(-^ i(Es )x) 
and for the polychromatic bean .^0
= ^ V exp(-/ (Ev)x)
For the monochromatic beam (photon fluence)
$ = §Qexp(-jju(Es )x )  
and for the polychromatic beam^
0 = 0Qexp(--p(E^)x)
Also )^,E —  0 ,E /o s ^o po
and = 0 *
Therefore from (2)
and from (2) and (4)
log
0 E / o po
0 E
'0
/>(V  v (V  =
- log
x
(1)
(2)
<3>
W
(5)
(6)
(7a)
(7b)
and from (7) —I 0n
log
vj
7 T  -
;>(£,) -
log
f ^ l
. E0o.
-  1 (8)
Therefore, from a theoretical study of the attenuation of a spectrum of 
photon energies along a ray path which determines 0 and E^ , the values of
(rv~s,LV^ wS-K tec^ a^ L ^  ^  t
i^(E^ ) and ^(E^) can be obtained using (7).
It can be shorn that if 0 remains constant but E^  increases that Es 
increases. If E ^  is constant and 0 reduces, it can be shown that Es reduces. 
Consequently, an increase in 0 and E^  together would result in an increase 
in Eg , but an increase in E^  and a reduction in 0 will give a change in 
E • depending on the relative change of each parameter.
It can be calculated that for a pure water path of length 
i^Ocm, for a 120 KVp spectrum (Birch 1978)
E^o = 56.^8 keV and E^ = 77*26 keV
Es =65 keV and E^ = 60 keV.
If the water path is situated within the CT correcting wedges of aluminium
E^ = 77.80 keV
E„ = 80 keV and E / = 71 keV. 
P
This change is due to the attenuation in the aluminium.
Therefore as the detector system used in the CT5005 scanner is responsive 
to total energy fluence the monochromatic equivalent energy is approximately 
the same as the mean spectrum energy. This was first noted by McCullough (1975). 
The monochromatic equivalent energy can be used to calculate attenuation(CT) 
numbers for any material.
If it is assumed that E^ is the energy value that 
is related to an air scale factor of 500, S , and E is the operating value 
in the scan field, the basic; CT number is defined by the equation,
and for water
T (E) = o
T (E) = ow
U (E)/ m
/ T O
A,(E)
-  1
-  1
(9)
(10)
Subtraction gives
T*(E) = T (E) - T (E)
r\ /-M.r
u (E) - u = / m f w(E)
» (E ) / w w
u (E) - U (_ / m_____ ' w E)
and T (E) = /* i E) - 1 . S(E)J1 W(E )
ju (E)
u (e )/ w w
(11)
(12)
At a scale calibration point E equals E , but if spectral error exists in
s
the scan field we write,
T (E) - T (E ) = o ow s
H (E)
• m
? ■
Te ")
W s
-  1
= T <E>
If no spectral error exists,
T (E ) - T (E ) = o s  ow s
n (E )'m s
n  (E )/ w s
-  1
u (E )"w s c
ju (E ) • 
r w w
. S(E ) 
s
(13)
(1W
Also
= T (E )
s
T(E ) = w
]U (E )r  m w
ju ( e J  J  w w
-  1 . S or T(E) = -  1 . s (15)
The definitions of T(E ), T*(E ) , T^(E) and Tq (E) are important as the 
CT number measured is given by one of these definitions and corrections 
must be applied to obtain the true CT number.
The monochromatic equivalent energy, E, is in practice a spectrally averaged
value which depends on the size, structure or anatomy of the object scanned.
Whereas the energy,E , is the calibrated value for the standard water
s
phantom for the operating kilovoltage and field size.
If air standards are used to determine the air scale factor it can 
be assumed that
f 1 ra 
Therefore
(E ) is zero, s
ju (E ) 
y w sT . (E ) - T (E )   7rr-Yo a ir  s ow s u (E J/  w w
or if E = E , 
s
T . (E) - T (E ) = ^w(Es} oair ow s -----
(16)
>Pw'-W'
This means that for a given calibration point the spectral change in the
scan field should not change the value of T . Nevertheless, if there isoair ’
considerable spectral change the detector response could vary so that the 
above conclusion is limited.
Spectral change will cause a variation in >
T_ (E) and it is then necessary to measure T (E) and to ow
correct to o btain T (E). In order to obtain T(E) the scale factor S(E)
must be known, but in fact only the value of S(E^) is known so that any 
spectral change will introduce a scale error*
It can be seen that when no spectral error exists in the scan
ju (E ) ' ■w ss (E j = . s (17)
Vs' ju (E ) / w
= - T* . (E )air s
If S(E ) and u (E ) are known, E can be obtained at all calibration levels 
s / w w s
by calculating p. (E ) for water./ w s
Finally as
T (E ) ju (E )OW S ' w s
S = u (E )/ W V/
T (E) ju (E)and ow _ / w
S  ~  ju (E )
r w w ■
- 1
- 1
then
ju (E) - ju (E )
T_.(E) - T_._(E ) =  y e-\" . S (18)
Z1 w wow ow
Therefore
= ’(E> ow
T '(E)
/ „ (E) = 1 + , - m r  • A-(EJ (19)s w s
U  (E)
and S(E) = -Ars-. . S (20)ju (E ;/ w  s
Using (19) the modified equivalent energy can be determined.
In practice the spectral errors are corrected by the software using a 
special technique, therefore there is calibration point change. The 
magnitude of the change depends on the structure of the object scanned. 
Consequently the theory must allow for auto-recalibration by the software 
according to patient size, shape, anatomy and bone structure. This is 
impractical due to large variations in these parameters. Experimental 
measurements indicate that spectral error exists in the scan and dual 
v/edge measurements allow the magnitude of the error to be estimated.
APPENDIX 2
THE EFFECTIVE ATOMIC NUMBER AND THE MIXTURE RULE.
A common definition of the effective atomic number is :
*
it is the value of Z for the material which gives the photon attenuation
2
cross-section, 6  Jcni /electron), and the electron density, p (electrons/cm 
tot ' ©
when inserted in a function of the form,
n  = p • f( E Z*) cm""1 , and 6 , . = f( E Z*) cm2/ electron
/ m 7 e tot
Another definition could be;
it is the value of Z* for the material which gives the photon attenuation
2 x
cross-section, ■(cm /electron), and the atom density, p & (atoms/cm ),
when inserted in a function of the form,
-1 2 
u = p . f( E Z*) cm , and <51 . = f( E Z*) cm / atom/ m / s. tot
For a given material it should be noted that the value of Z* obtained using
the electron density function is not the same as obtained using the atom
density function. Nevertheless, the former has been adopted generally even
though Avogadro's number is the number of atoms in 1 gm-atom of the element.
White (1977) defines Z^ ^
Z* =
J 1 1
and
where a. is the fractional electron contentl
,m-1Z*pe = k (E)p Z*1 
—  pe r e
where k (E) is a constant at the energy considered.
2
White defines <5^_o^(cm /atom) as
= k. (E).Z*1 + k ' (EX.Z*2'*5 + k (E).Z&/w5tot mcoh coh pe
and at 80 keV, for example, V/hite obtained the results for 1 m 1 as
unweighted regression weighted regression compound regression
fat muscle bone
.4.71 4.81 4.62 4.58 4.62
' 4 a ?  ~
Rutherford-Pullan(l978) obtained Z* using dual energy measurements and the 
relationship
p(En) f( E1 Z*)
^(e2) = f( e2 Z*)
where f( E Z) is a function fitted to atomic data tables and is given as
■2
where Z.N. is the electron density, p (electrons/cm )
1 i r e  ' 3
is the atom density, p & (atoms/cm )
and <5" is in barns/electron.
2-M fUuic 'tu
McCullough (1975) used
—1 2 3
ju (cm" ) = <51 ^(cm /electron) . ZN (electrons/cm^)
j tot
311(5 6 , = 9.8 E-3*2 Z3;® + 6  (E)™ 1.25 E-1,90 Z2:?0 (ora2/electron)
tot x 1 0  6 x10
Brooks(l977) took Hubbell(69) and Veigele(75) atomic data for elements
with Z greater than 6 and obtained a function for the photoelectric cross-
section + coherent scattering cross-section + binding energy correction,(6_)
pe
of the form,
61 = k E~2*^  Z^"^ for Hubbell
Pe -2.8 4.03and 6 = k E Z for Veigele
Pe
and defined KN
^tot ~ ^pe + ^e^^ (barns/atom)
( NB. Note the units)
Brooks defined Z* as
z* = 5.1/c^Z^1 + nzZp + ........ )/yOe
*2
where n ( = j o )^ is the atom density (atoms/cm )
Ritchings corrected Brooks equation and used 
(1979) z*
m = 3.1 for ^  1
w 
Z*and m = 2.6 for   1
Z* ^  w
where Z^ = 7*45 and y°ew = 3*3371 x 102^ electrons/cm^
If the value of Z*(=7.45) is inserted into atomic data tables giving 
attenuation cross-sections in 
density obtained for water is
2 ' 2
cm /atom and not cm /electron then the atomic
p  = 0.045096 x 10 atoms/cm
a 24 3whereas the true value is yO& = O.O33371 x 10 atoms/cnr
The converse gives a Z* of 9.4 instead of 7.45.
The two parameters Z *  and p ^  have been obtained and used as only two energy 
measurements are usually possible on CT scanners. Determination of j o  allows
corrections to therapy plans based on electron density variations within a 
patient.
If the atom densities of all the seperate elements in a tissue are 
known,including hydrogen, then the value of the tissue total attenuation 
cross-section can be determined with acceptable accuracy!^Comparison of 
any theoretical tissue attenuation number value and dual energy differential 
with measured values for the same type of tissue gives a more realistic 
understanding of the elemental composition change and with no assumptions 
made concerning exponent values and energy constants used by other authors.
An accurate comparison of theoretical and real tissue in the true 
physiological state was the objective in this thesis. The method used was 
to assume that compounds and elements obeyed a simple mixture rule above 
20 keV and if the measurements were made accurately enough then deparures 
from the mixture rule would be investigated.
The rule is basically,
= C
f  e f i  ~  '1 + c2 + c3 +.
c.
1
and that
1 a 1 CoN <£> 2 a 2
C.N 6 .l a l
A.l
+Cn
n
or m = N
y°eff
a. 61 _1 1
A.l
= N <5, . a tot
where a. = 
i
C.l
P e f f
and is known as the mass fraction.
tot
For any tissue, fluid or skeletal compound up to 22 values for a^ were 
obtained from corrected ICRP lists. The values for 6  were obtained for 
up to 100 energy values using the empirical function (appendix 3) and 
the 22 values of elemental atomic number were obtained from standard lists. 
The CT number was calculated at each energy step using the equation
(l) Departures from the mixture rule are not expected as there is little 
K-edge error due to the presence of elements of Z greater than 50 
■ ' since the transmitted spectrum contains little flux below 30 keV.
; Also in biological materials atomic theory is likely to be valid 
above 20 keV.
t '(E_) = ^n/Es^  - 1 . S(E )
S W  • 3
where S(E ) is 500 at 110 KVp for the 2 iK ) m m field,
s at 1 0 7 . KVp for the 320mm field
and at 'lO^ f KVp for the ^OOmm field.
APPENDIX 3
THE EMPIRICAL FUNCTION USED FOR THE CALCULATION OF PHOTON ABSORPTION 
CROSS-SECTIONS.
The function was determined in order to allow determination
of the photon attenuation cross-sections at any energy from 40 to 100 keV
+ /and such that the accuracy of fit to the data tables is better than - 3% 
for all elements up to an atomic number of 42 and no more than - 5 %  f o r  
iodine,( Z= 53). Also the data fit for H,C,N,0 and Na must be better than 
i 1*0% and for the energy range 60 - 80 keV the fit must be better than -0.5?o
The function form is
*. , = F  ( 6 + 6 .  + 6  , \tot c pe m e  coh )
where
m e
Kn = 0.14
K2 = *-5
k12 =0.0500 A = 3.9313
K13 = 7*7 B = °-04988
c = 0.67778
D =0.113119
P = 0.0391
Q = 2.1200 
R =0.22145= 0.000832
= 0.6478 
k5 = 1.135 G = 0.30938
H = 3.9513
I  = 2.0138
J = 0.9200
L = 0.03960
M = 0.04679 
%
N = 0.1673
s = 0.106849
Kg = 0.11894 
K = 1-*89
= 0.825442 
K10= 0.19S75
K„„ = n11= O.O575
The value of F, was taken to be unity as no K-jump factor correction
1C
v;as necessary. It was realised that no photon energies below the K-edge 
.for existed in the incident • spectrum and that the mass fractions
of the high atomic number elements could be adjusted to give a good 
approximation to the correct linear attenuation coefficient. Also the 
magnitude of these mass fractions was very small.
From the lists of energies of absorption edges above 10 keV, Bearden(19o?) 
we obtain
K-edge L1-edge L2-edge L3- edge .
M o ^  20.004 13-423 12.820 11.212 keV
I „  33.166 19.236 18.436 15.444 keV
Therefore for all energies above 20 keV there is no K-edge for all elements 
up to molybdenum and there is no L-edge for all elements up to iodine.
Also most of the low energy photons below 30 keV are absorbed in the 
longer path lengths of the aluminium correcting wedges. Therefore the 
K-edge for iodine will cause insignificant error if it is not considered 
in the calculations.
APPENDIX 4.
UNCERTAINTY IN THE CALCULATION OF CT. NUMBERS.
Uncertainty is defined according to the‘observables only concept* described in
the NPL Code of Practice for the STATEMENT OF ACCURACY.
Uncertainty consists of systematic and random components,
and in this appendix these are defined as the empirical function error and
the error in the tabulated atomic data respectively.
The CT number is defined as
T = - ^ 2  - 1 
P w
500
wnere Ni. . 6F  =/>- \  •
= k.6*
T
500
+  ^ 1 “ a )k2^2
k2d2
r k1<si  -1 i
a( F T  " 1 y2 2
-  1
and T+6T 
500
k (<r + so
= a( k2(52+ 662) - 1>
3t _ 2 l  
500 ~  k 2 - a£
6(51 661
66.
2s !'
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for liver tissue and water, respectively.
Tf = o 9361 0/'° ~  °*157 which gives an error in liver
k„<i, ’
1 1
CT number of about ' + 0.05 EU.
% 6  S^2
Also for trabecular bone if t—  = - O.OO67 and -?—  = + 0.0022
6i 2
kp^p Cm
= 0.3627 , then ~  % = - 0.708 ', at 60 keV.O . X
1 1
This produces an error in the CT number of about - O.69 EU.
8t
At 80 keV it can be shorn that for liver tissue • ^ J>/o - '0.796 giving an
error of about + 0.24 EU • Consequently the error in the calculated dual
energy differential is + 0.19 EU.  ^^ 1  _ + q 0059 j
> St
At 80 keV for trabecular bone it can be shown = + '.1.579 • Therefore
the CT number error is about + 1.10 EU . Consequently the error in the 
calculated dual energy differential is about 1.79 EU •
A similar analysis for trabecular bone at 30 keV gave
t?—  = 0.0280 and —  = - 0.026 • Therefore 777- %  -  -  6.35 •d2 tf1 T
The random component is due to error in the tabulated atomic data. Nevertheles: 
provided the calculation is made for materials which contain mass fractions 
of hydrogen,oxygen and carbon which sum to give about unity, the uncertainty 
in the calculated CT number can be less than ^ 0.25 EU for the energy range 
60 - 80 keV. For trabecular bone the uncertainty is - 1.1 EU.
Computed tomography for determining liver iron content 
in primary haemochromatosis
RW G CHAPMAN, G WILLIAMS, G BYDDER,
Sum m ary and conclusions
D ual-energy com puted tom ography (CT) was used to 
estim ate hepatic iron concentration in eight patients 
w ith  prim ary haem ochrom atosis'w ith  varying degrees 
o f  iron overload. The values corresponded closely with  
those derived from  chem ical analysis o f  liver tissue 
obtained by biopsy (correlation coefficient 0-993).
D ual-energy CT therefore seem s to provide an accurate 
and non-invasive alternative to liver biopsy as a m eans 
o f  m easuring liver iron concentration in  patients w ith  
prim ary haem ochrom atosis and possibly other iron  
overload states.
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Introduction
Physicochemical m easurem ent o f iron  concentration in tissue 
obtained at liver biopsy is the m ost reliahle index o f  total body 
iron  stores in prim ary haem ochrom atosis.1 2 T h e  presence of 
increased hepatic iron in th is disease .may be suggested by 
com puted tomography (C T ),3 bu t the use o f C T  for estimating 
the am ount o f hepatic iron has no t been  described in prim ary 
haemochromatosis.
In  this study we com pared estim ates o f hepatic iron con­
centration obtained w ith C T  using a dual-energy technique 
w ith results obtained by chemical analysis o f liver biopsy 
material.
M ethods
Seven men and one woman with primary haemochromatosis were 
studied. The diagnosis was established clinically and by a raised 
liver iron content in the absence of another cause for siderosis. T \vo  
patients had a family history of the disease. A ll patients had had a 
liver biopsy within six weeks o f C T  scanning and no patient had 
been venesected between the time o f C T  scanning and-biopsy.
IRON STUDIES
Serum iron concentration, total iron binding capacity, and 
percentage iron saturation o f iron binding capacity were measured 
using standard laboratory methods. Serum ferritin  was measured by 
radioimmunoassay.4
riteria o f Scheuer it al.u Iron was measured chemically in the biopsy 
mplcs by the method of Barry and Sherlock/
T STUDIES
An E M I C T5( 05 scanner was used with experimental V05 new 
onvolution software. By using a special phantom C T  numbers 
ere generally reproducible to “ 0-2 E M I  units at 140 kV  and 
b0-3 E M I  units at 110 kV . Consecutive scans gave much better 
eproducibility to 0 " 01  units at both kV.
Patients were scanned with bolus bags incorporating water and 
ir controls. Eour 20-second clockwise scans of" the liver were 
btaincd in the same position for each patient at 140 kV  and 110 kV  
or 400-m m and 320-mm wedge fields.
A  venous blood sample was taken and placed in the centre of a 
alibration phantom, which was scanned at 140 k V  and 110 kV. 
T  attenuation values for liver, aortic blood, and venous blood 
amples' were obtained. These values were air-scale corrected, and 
he difference in liver and aortic blood attenuation values with the 
ame wedge at different energies— the dual-energy differentials 
D E D )— were determined. T h e  blood value was used as a control.
T he  theoretical D E D  for liver containing iron at different effective 
nergies was calculated from mass fraction lists7 8 by varying the 
ron mass fraction while adjusting the mass fraction of all other 
dements to keep the total mass fraction at unity. T h e  listed 
iver iron mass fraction corresponds to a value of 0-75 mg/g dry tissue. 
Comparison of the experimental and theoretical D E D s  enabled 
e liver iron content to be estimated.
Results
T he  results o f the iron and C T  studies are shown in the table. The  
iron content measured chemically varied from normal in a treated 
patient to over 30 times the upper lim it o f normal in a patient who 
had not been venesected. T he  chemical liver iron values correlated
CT number 35
30
25
3010 20 -0
fiver iron (m g/g dry tissue)
Liver attenuation values at 140 kV  with 320-mm wedge 
plotted aza;r.it chemical iron concentration.
Liver attenuation values at iau k v  using me juu-nuu wtugc i>..n 
arc plotted against chemical iron concentration in the figure. T h e  
correlation between single-energy attenuation values and chemical 
liver iron values was less exact (correlation coefficient =  0-8599; 
pcO-01). *
Serum .ferritin concentrations did not correlate as closely as C T  
values with the chemical liver iron concentrations (r =  0-7206; p < 0 05).
D isc u ss io n
Liver biopsy is accepted as the most reliable technique fo r 
estim ating iron stores, but it carries some m orbidity and  
mortality.® T h e  close correlation between C T  estimates o f  
liver iron and the chemical iron results suggests that C T  m ay 
provide an accurate alternative. T h e  technique m ight also be  
o f value in screening relatives of patients w ith prim ary haem o­
chromatosis and other diseases associated w ith iron overload.
In  this study C T  provided a closer correlation w ith the  
chemical liver iron estim ation than the serum  ferritin  con­
centration. Previous studies12 have shown that the serum ferritin  
concentration may be normal in precirrhotic haemochromatosis 
and may be increased by alcohol abuse10 and hepatic necrosis,11 
w hich should not affect the C T  estimation.
' T his technique, which needs a scanner able to  scan at varying 
kilovoltages and w ith three scan field sizes (in particular a t 
110 and  140 kV and 32 and 40 cm ring size), requires particular 
care to avoid sources o f error. These include d rift o f the kV  
setting (±0*2 kV), excessive photom ultiplier gain, the partia l, 
volume effect, and  artefacts. T h e  use of blood as an in -v itro  
and in-vivo control provides a correction for spectral errors due  
to variation in patient size and anatomy. •
A variation o f 10 E M I units in  the attenuation value o f liver 
may be produced by variation in  the physical density o f liver 
w ithin the norm al range of 1-05 . to 1-07 g/ml> or by a change 
in  iron content of about 20 m g/g dry tissue at a constant physical 
density. T he strong dependence o f the dual-energy differential 
on the concentration o f elements of high atom ic num ber, such 
as iron, perm its a separation of these two effects. U sing a  
single-energy technique H ouang et a l12 found a linear relation­
ship between C T  num ber and iron concentration in  thalassaemia 
major. In  this study, w ith low er liver iron concentrations, single­
energy C T  values did not give such a close correlation. I n  
addition, an abnorm al D E D , indicating a raised iron concentra­
tion, may be found even w hen liver attenuation values a re  
w ithin the norm al range (variously quoted as 23*5-43-6 E M I  
units13 and 31 ± 7  units14).
T h is technique appears to provide an accurate non-invasive 
m easure o f liver iron concentration which m ay have clinical 
application in prim ary haem ochrom atosis and o ther iro n  
overload states.
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